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Seismograph System. Let the TI engi- 
neer show you how it pays for itself 
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NEW PRODUCTS AND SERVICES 


AMPLIFIER 


The PT-100 Transistorized Low-distor- 
tion amplifier from SIE combines obvious 
advantages of solid-state design—low- 
power drain, light weight, compact size, 
reliability—with performance not possible 
with older components. Use of a light- 
sensitive photocell as an AGC element 
provides signal control and distortion 
characteristics vastly improved over vacu- 
um tube designs. This amplifier will not 
overload in any area. Transistor circuits 
eliminate many maintenance problems in- 
herent in former equipment—no more 
“diode-balancing.” Operator-oriented mas- 
ter controls provide individual record and 
playback adjustments for both “early” and 
“final” amplifier gain. Bandwidth and filter 
adjustments make the PT-100 ideally 
suited for all types of seismic recording— 
high frequency, reflection and even refrac- 
tion with AGC. For further information 
write SIE Division of Dresser Electronics, 
P.O. Box 22187, Houston 27, Texas. 


WIDE-SCREEN FILM VIEWER 


A new 16mm Film Viewer is available 
which features a motorized film drive, a 
remote operator control, and data magni- 
fied 20 times on a large viewscreen. The 
operator can locate data of interest quickly 


by using a pushbutton to traverse the film 
in either direction at 120 cm/sec. The self- 
protecting film drive uses magnetic 
clutches to provide positive control and to 
enable film direction to be reversed with- 
out stopping the drive. The operator can 
study data in detail by varying the film 
speed continuously from 1.3 to 0 cm/sec. 
Convenient controls are also provided for 
changing the direction of film travel, vary- 
ing the light intensity, varying magnifica- 
tion between 19X and 21X, and for main- 
taining a continuous sharp focus. An op- 
tional remote control unit permits opera- 
tion up to 10-feet from the large view- 
screen. 

Fifty- to 200-foot film reels can be quick- 
ly changed on top of the viewer. The film 
is not clamped between glass plates thus 
preventing film scratches. A film area of 
14.5mm xX 35mm is projected on the 27.5” 
x 11.5” viewscreen. Distortion is not more 
than +1%. Three lines per mm can be 
resolved at screen center. Forced-air cool- 
ing of the derated projection lamp pro- 
vides maximum lamp lift. The cabinet is 
cast aluminum. Weight is 125 pounds. 
Dimensions are 31”w x 27”d x 23”h. 
Power required is 115v, 300w, 60 cps. 

The Geotechnical Corporation, 3401 
Shiloh Road, Garland, Texas. 


POTENTIOMETER 


Combining sub-miniature size with an 
expanded resistance range to one-hundred 
thousand ohms. Atohm Electronics type 
W5 trimmer potentiometer has a two watt 
rating to 70°C, 

Measuring only .210 x .312 x _ .890 
inches, and with mounting holes on .750 
inch centers, the unit is designed to exceed 
all requirements of MIL-R-27208 (pro- 
posed). 

Available from factory or distributor 
stock in prototype quantities. Production 
orders can be processed in two to three 
weeks. Price range is from $4.90 to $11.85 
for standard values depending on quanti- 
ties and resistance values. 

Atohm Electronics, 7648 San Fernando 


Road, Sun Valley, California. 
(Continued on page 60) 
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THE SEG FOUNDATION 


HOW TO GIVE TO THE 
SEG FOUNDATION 


Gifts to the SEG FOUNDATION from individuals, business organizations, 
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THE GRAVITY OF THE SITUATION 
The correlation between the cause of falling sand'and the 
unmasking Could easily be overlooked In such a scene as this, But, 
take care lest you mise the hidden meaning: the correlation. : } 
between gravity and the Unmasking of subsurface geologic - 
structures. Gravity ionly one of the means used by crews of 
the GAI-GMX group to obtain proper data for analysis, The a 
Interpretation of these data is done with an attention to. 
detail which gives you the most for your exploration . 
dollar. Gravity, magnetic, and seismic surveys, 
made by GALGM crews anywhere inthe - 


Structures. Geopiysicial exploration 
is so costly today that 
‘cary afford only the best, 


: 


VoLUME XXVI 


APRIL, 1961 


GEOPHYSICS 


NUMBER 2 


PRESIDENTIAL ADDRESS 


IS THERE A FUTURE NEED FOR GEOPHYSICS?* 


Oc HALL 


If there is a future need or demand for geo- 
physics, and we are concerned primarily with ex- 
ploration geophysics, it follows that there surely 
must be a future for exploration geophysics, pro- 
viding this industry stays modern, efficient, and 
competitive. 

At the April meeting of the American Associa- 
tion of Petroleum Geologists in Atlantic City, I 
gave some figures, which were estimates of the 
future need for reserves of oil and gas for the U. S. 
and for the free world. These estimates were 
based on the forecasts of various domestic and 
international organizations. The statistical data 
will not be presented here, since it has been pub- 
lished in the Bulletin of the American Association 
of Petroleum Geologists. It is interesting, how- 
ever, to note that Sir Stephen Gibson, Permanent 
Chairman of the World Petroleum Congress and 
Director of Iraq Petroleum Company, produced 
a comparable set of figures in Atlantic City re- 
cently, and some of his predictions will be re- 
viewed here. He said that in 20 years the present 
275 billion barrels of oil reserves will be consumed 
and that at Jeast an equal amount will have to be 
found during this period of time. 

Sir Stephen predicted that by 1980 world de- 
mand will be between 18 and 20 billion barrels 
annually. This means that if we only replace the 
275 billion barrels depleted by 1980, we would 
only have 15 years supply at that time. In other 
words, to maintain an efficient rate of production 


much more than 275 billion barrels will have to be 
found in the next 20 years. 

It has been estimated that this country will 
need 14.2 million barrels of oil daily by 1970. This 
is based on an annual growth rate of 4 percent. 
If this is reasonable, it will be necessary for the 
exploration industry to find 52 billion barrels of 
additional reserves in the U. S. by 1970 if we are 
to maintain a safe domestic reserve position. This 
compares with 35.5 billion barrels of oil found in 
this country in the 1950's. 

Sir Stephen also made another very encourag- 
ing statement at Atlantic City. He said that the 
present world oil surplus will not last more than 
two or three years. This is, of course, contrary to 
the several outstanding seers in the industry who 
have said that an oil surplus would be with us for 
at least ten years. However, his thinking is borne 
out by a recent World Petroleum release stating 
that ‘“‘Views of these industry leaders will sur- 
prise a good many of the pessimists. The amazing 
15 percent rise in European consumption during 
the first quarter of this year and the strong de- 
mand in other world areas was much greater than 
hoped, with the result that there is less dismay 
among oil management than among the pundits.” 
Furthermore the daily average consumption in 
the free world increased 6.5 percent to 20.5 million 
barrels in 1959, and the market in Italy has in- 
creased 27 percent this year alone, with an in- 
crease of 11 percent indicated for all Western Eu- 


* Presented at the 30th Annual Meeting of the Society of Exploration Geophysicists, Galveston, November 7, 1960. 


+ General Geophysical, Houston, Texas. 


133 


4 
fi 
y 
; 
4 
|_| 


134 


rope. In addition the fast developing countries of 
Africa, Asia, and Latin America are huge poten- 
tial markets for petroleum. 

Sir Stephen made another significant state- 
ment. He said that he did not believe that the 
Middle East, where most of the world’s present 
reserves are located, would provide more than 75 
billion of the 275 billion barrels, plus, new reserves 
that must be found in the next 20 years. This 
means that the exploration industry must turn to 
areas not intensely prospected outside the Middle 
East to develop these huge reserves. 

The use of natural gas has grown at a fantastic 
rate in recent years. World Oil recently stated 
that marketed production of Texas and Louisiana 
gas alone had increased 246 percent from 1946 to 
1959. Based on the American Gas Association 
forecasts oi U. S. consumption this trade journal 
predicts that by 1964 the States of Texas and 
Louisiana alone will have to be adding gas re- 
serves at a rate of between 17.7 and 21.0 trillion 
cubic feet annually. The new reserves developed 
during the period of 1955-1959 were at an annual 
rate of 15.3 trillion cubic feet annually, conse- 
quently those two states, which developed ap- 
proximately 61 percent of the new domestic re- 
serves in recent years, must increase their annual 
level of new discoveries, extensions and revisions 
by about 38 percent to meet the requirements of 
local and interstate natural gas markets. 

The Chase Manhattan Bank of New York City 
concurs in the need for the development of large 
new gas reserves. It has stated recently that the 
exploration industry must find 300 trillion cubic 
feet of new gas by 1970, and we have found only 
181 trillion in the past 10 years. 

Certainly in the United States the new reserves 
of oil and gas that are needed for the future will 
not be easy to find. A large portion of them must 
come from the areas which are difficult to pros- 
pect; areas where the geology is covered by sand, 
limestone, volcanics, marsh or water, or in highly 
inaccessible areas. This is the type of prospecting 
that lends itself to the use of geophysical tools. 

Even in the foreign countries where we may ex- 
pect to find large additional reserves, the use of 
geophysics is almost mandatory. In Northern 
Canada much of the prospective area is covered 
by glacial formations and muskeg. In Africa large 
sections are covered by sand, loose rocks, jungle 
vegetation, marshes, etc. We find the same story 
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wherever we go to look for additional reserves. 
The fact that wildcats drilled in remote and for- 
eign areas are so terrifically expensive makes it 
imperative that they be located on the best in- 
formation possible. 

From the preceding facts we can see there is 
and will be a need for an effective oil and gas find- 
ing tool. The question then is; is geophysics an 
effective tool for this purpose? Recent statistical 
data show that for the three-year period, 1957- 
1959, approximately 16 percent of the new field 
wildcats located in the U. S. on the basis of geo- 
physics alone were successful. This percentage 
would undoubtedly be higher if lease ownership 
conditions did not play an undue influence in lo- 
cating many of these wildcats. These same sta- 
tistics show that the same success ratio results 
when a combination of geophysics and geology is 
the basis for the location of new field wildcats. 
Thus, we can see that geophysics is still an effec- 
tive exploration tool in the U. S., and that a much 
higher success ratio could be expected in areas 
that have not been so intensely prospected as the 
U.S. Asa matter of fact, a large part of the crude 
reserves of the world today attest to the effective- 
ness of geophysics as an exploration tool. 

There is a future need for geophysics, and gec 
physics is still an effective exploration tool, but 
we in this industry cannot afford to be compla- 
cent. Under present market conditions, the geo- 
physical costs for finding oil in the U. S. are too 
high. This is not because the geophysicists are 
paid too much or the geophysical contractors are 
paid too much. Quite the opposite is true. It is 
a well-known axiom that you always get what you 
pay for. Well-paid men deliver more than under- 
paid ones. 

Three avenues are open to the geophysical 
operator who intends to produce, at competitive 
prices, the future reserves needed by this country 
and the free world. First, he must reduce operat- 
ing costs; second, he must continuously develop 
effective new tools and techniques; third, he must 
radically improve the interpretative methods 
by making better use of the geophysical data ob- 
tained by field parties. 

Much has been accomplished in attaining the 
first two of these objectives. Efficient personnel 
produce more per work-day, and they plan and 
develop many ingenious field short cuts. Further 
savings are realized by such innovations as 
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cheaper explosives, twin recording units, two and 
three meter teams out of a common camp for over- 
seas gravity jobs, and improved transportation 
means. There has been a steady development of 
new tools and techniques, pattern holes, multiple 
geophone arrays, instru- 
ments, magnetic recording with its many applica- 
tions, weight-dropping techniques, continuous 
velocity log, and directional shooting to mention 
only part of the recent developments. 

I am not so sure that we have done as well in 
the field of improved interpretation. Interpreta- 
tion is an area where geology and geophysics are 


improved recording 


inseparable, because the final objective of all geo- 
physical exploration is an interpretation in geo- 
logical terms. 

The geophysical interpreter should not be com- 
pletely dependent upon any geologist for his 
understanding of geology in general or the geology 
of the local region in which he is working. This is 
true, because of the poor communication of ideas 
between people of different scientific backgrounds 
and different thinking patterns, and also because 
there is always the danger of a breakdown in liai- 
son between geologist and geophysicist. This 
could be due to an unworkable chain of com- 
mand, a succession of personnel changes, or other 
extraneous reasons. Furthermore, it is extremely 
important that the geophysicist have the full con- 
fidence of the geologists with whom he is in con- 
tact; this confidence will be destroyed—perhaps 
beyond remedy—to the detriment of the entire 
science of geophysics, if geophysicists present in- 
terpretations that are geologically impossible or 
improbable. 

To achieve and merit the status of full partners 
in exploration, our interpreters must become fully 
versed in the application of geological informa- 
tion to magnetic, gravimetric and seismic data. 
First, they must be or become grounded in the 
fundamentals of geology. From a grasp of the 
principles of basic geology they must proceed to 
the geology of the broad region to which they are 
assigned, and finally to a detailed understanding 
of the geology applicable to the specific and per- 
haps limited area to which they are assigned. 

To become the top-flight geophysical inter- 
preter which we must have to stay competitive in 
the exploration field, this individual must know 
and understand the geological aspects which we 
have discussed, but he must have an even more 
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thorough grasp of his geophysical specialty. At 
the same time, he needs more than a casual under- 
standing of the other geophysical methods. In 
fact, he must be a well-rounded geophysicist be- 
fore he can interpret geophysical data in geologi- 
cal terms. 

No interpreter can do the job demanded of 
him unless he makes full use of the data obtained 
by his crew or his company. He must examine in 
detail every bit of evidence, in the light of the 
latest and best ideas developed through research. 
This examination must be made with an inquir- 
ing, imaginative attitude; new interpretive and 
computing techniques frequently must be de- 
veloped to solve specific problems. Naturally, 
experience will be invaluable in the development 
of new interpretation techniques and ideas; conse- 
quently, a good interpreter will profit by his sen- 
ior’s experience. To summarize, a top-flight geo- 
physical interpreter must be well qualified in all 
phases of geophysics, a competent geologist, and 
a man with drive and imagination. 

Actually there is a fourth avenue which we in 
the geophysical industry must follow in order to 
produce the future reserves of oil and gas. This 
fourth avenue vitally effects all three of the other 
avenues that have been mentioned previously. 
This avenue is the one of research. There is a 
widespread opinion that the geophysicists have 
reached the end of the road in the development of 
geophysical tools, that they know all there is to 
know about the very basic phenomena concerned 
with geophysics. Nothing could be further from 
the truth. Geophysics is essentially no different 
from any other science. The more you learn, the 
more you realize how much you do not know, and 
the more avenues for development, study and 
additional research are opened. 

To exemplify why I believe that research will 
lead us to new, useful, and probably unforeseen 
avenues, let me discuss briefly a few topics of seis- 
mology that seem to require a great deal of addi- 
tional study. 

Basic to the improvement of the seismic method 
is recognition that seismic waves are the most 
complicated waves of all those studied in physics; 
while sound in a gas or liquid is described by a 
single longitudinal, or pressure wave, and while 
electro-magnetic waves require a vector-wave 
description because of their transverse character, 
seismic waves in solids have both longitudinal and 
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transverse waves. In spite of this known com- 
plexity, the exploration seismologist has had con- 
siderable success by utilizing only the simple pres- 
sure wave aspect of the seismic waves and he has 
usually ignored the existence of other types of 
motion unless surface wave and shear wave noises 
have forced their consideration. This situation 
clearly needs improvement. In many cases these 
modes do not really constitute “noise” but are 
really a part of the signal that could, with im- 
proved instruments and understanding, yield ad- 
ditional and valuable information. 

Basic research seems needed for a complete 
understanding of the different modes of seismic 
wave propagation. For example, how does the 
type of source (explosion, patterned shots, 
thumper, etc.) effect the generation of different 
modes? How does the nature of the earth—its 
layering, and inhomogeneities—effect the conver- 
sion of one mode into others? There is a simple 
but unanswered instrumentation question in- 
volved in such considerations: how can one, in 
practical field observations, distinguish between 
different modes of motion? 

Thus, it seems reasonable to expect an im- 
provement of seismic information if one knew how 
to detect and interpret the different modes of 
seismic vibration. 

Another subject that is poorly understood is 
the frequency spectrum of seismic waves. There 
are many mechanisms, such as true friction, and 
scattering in layered media that may explain the 
removal of high frequencies from a seismogram. 
Why, then, does the typical seismogram have a 
rather narrow band of frequencies with few low 
frequencies present? This phenomenon certainly 
has to do with the nature of the seismic source 
but more work is needed to understand it. Again 
there is the expectation that any improvement of 
basic understanding will have practical conse- 
quences; for example, the problem of the identifi- 
cation of pinch-outs and lenses is intimately con- 
nected with the frequency spectrum of the seismic 
waves. 

The seismic method certainly does not detect 
oil but rather conditions favorable for oil accumu- 
lation. However, a seismogram contains more in- 
formation than the refraction and reflection 
“picks.” Indeed, the exact forms of seismograms 
—all the wiggles and phases and the absolute 
amplitudes—contain information about the earth 


that is usually ignored. It should be possible to 
construct the pressure wave and shear wave ve- 
locity versus depth from seismograms; it should 
be possible to construct the accoustic impedance, 
or the density, or Young’s modulus versus depth. 
As you know, we are a long way from being able 
to do these things. But until we have done this we 
cannot say that the potentialities of the method 
are exhausted. 

In summary, it seems to me that an improved 
basic understanding of many aspects of explora- 
tion seismology is needed; we know that the po- 
tentialities of the method are far from being ex- 
hausted. Basic research should lead us to new 
avenues of geophysics—avenues that in turn will 
lead to an improved ability to find the oil reserves 
that we will need. 

There may be some doubt in the minds of some 
of our geophysicists as to the good that will come 
of the government’s project Vela Uniform, about 
which you will hear more tomorrow, but there is 
no doubt in my mind that the program will con- 
tribute much to our basic knowledge of geophysi- 
cal principles. It is virtually impossible for Amer- 
ican scientists to spend in excess of thirty million 
dollars without this being true, and J am certain 
that it will be true if the program is turned over to 
experienced professional exploration geophysi- 
cists, as it should be. Then phenomena, like de- 
coupling, which has been known to the geophysi- 
cal industry for thirty years, would be kept in 
proper perspective. Since these projects involve 
all the fields of geophysics, and in seismology all 
the frequencies involved in seismic sound trans- 
mission, the benefits to our industry will be wide- 
spread. In a few years we can reasonably expect 
this new knowledge to change and improve geo- 
physical exploration. 

While we are on the subject of research, it has 
been a thought of mine for some time that we 
could progress much faster in developing these 
new tools, ideas, instruments, and techniques if 
we could arrange an interchange, at some level, in 
the developments in basic research. I believe 
there is a level which could be found, if the idea 
was pursued by our research people, where in- 
formation could be exchanged without prejudic- 
ing the position of the organization originating 
the information. It would be a tremendous help if 
only the studies which developed negative results 
were exchanged. This would save many valuable 
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man hours of fruitless research. One of the mem- 
bers of our research committee recently remarked 
to me that they had nothing to do but arrange a 
program for the annual meeting. Here, gentlemen, 
is something you can get your teeth into. 

Now comes the most important aspect of this 
address. I have said earlier during my tenure of 
office that the reduced level of geophysical ac- 
tivity had its rewards; that it was possible for the 
oil companies, mining companies, and geophysi- 
cal contractors to weed out the deadwood, to re- 
lease the inefficient and unqualified employees. 
I still think this is true, but, unfortunately, the 
adverse publicity and the lack of foresightedness 
on the part of some managements is causing an 
alarming number of competent geophysicists 
field and research men—to leave the geophysical 
industry. One large oil company man told me re- 
cently that he has had several of his best research 
scientists leave the field in recent months against 
the wishes of the company. Another, a vice- 
president of a large international oil company, 
told me within the last few days that they had 
been unable to recruit qualified scientists to en- 
gage in geophysical research. This is very serious. 
Now is the time when we need top-flight men to 
carry on the development work which is so vitally 
needed. We certainly need all the experienced 
men we now have, around whom to build for the 
expanded activity which must come within a few 
years. We also need new talent—bright young 
men with new ideas—and unless there is an over- 
all change in management policy we not only will 
not be able to recruit this new talent, but we will 
continue to lose qualified experienced personnel 
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from our industry. 

There are only 566 students in all categories 
studying geophysics in the United States today, 
and fewer and fewer graduates are going on for 
advanced study. Furthermore, to make matters 
worse, a large number of the geophysics majors 
graduating with advanced degrees are not enter- 
ing the field of exploration geophysics. 

What can be done about this? It seems to me 
that we must reverse the trend by showing that 
there is and will be a future for geophysics and 
geophysicists. These people must be encouraged 
by management, not only by promotions, but by 
appreciable salary increases. 

At least one major oil company is not losing any 
of its qualified geophysicists. This company’s 
management has demonstrated to its geophysi- 
cists that it has high regard for geophysical train- 
ing by placing many of these men in high and key 
management jobs. This type of encouragement 
from other organizations will tend to attract the 
high quality personnel that we so vitally need in 
our industry, and will keep the ones we now have 
for our future expansion. 

There was one note of pessimism in the address 
of Sir Stephen Gibson mentioned previously. This 
is the ability of the exploration industry to find 
the oil and gas reserves that we will need in the 
future at competitive prices. This is certainly a 
challenge to us and I, for one, believe that the ex- 


ploration industry with its inventiveness and in- 


geniousness will find these reserves, but it is up to 
us to provide the incentive for our personnel to 
stay up-to-date, and competitive. 
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INTERPRETATION OF SYNTHETIC SEISMOGRAMS* 


RE. L SENGCBUSH,t L. LAWRENCE,{ F. J. MeDONALT 


Abstract: A linear filter model of the complicated seismic process can be formulated by assuming that (1) the layering 
of the earth is described by the continuous velocity log, (2) the shot pulse is time-invariant and propagates as a 
plane wave with normal incidence, and (3) all multiples, ghosts, and other noise are negligible. Then, the model 
earth with discrete layers can be considered a filter whose impulse response is the set of reflection coefficients. 
The set of reflection coefficients becomes the reflectivity function when the model earth has a continuously varying 
velocity. By definition, the reflectivity function is the derivative of the logarithm of velocity, where both are func- 
tions of two-way travel time. The input to this filter is the time-invariant shot pulse. The output is a synthetic 
seismogram that contains the reflectivity function filtered by the shot pulse; in other words, it consists of primary 
reflections only. Since the filter is linear, the input and the filter may be interchanged, the reflectivity function 
becoming the input and the shot pulse becoming the filter. 

A non-mathematical discussion of the reflections from simple, ideal velocity layering shows that: (1) The re- 
flection from a step velocity function is the shot pulse itself. (2) Thin beds produce a differentiated shot pulse. 
(3) Beds which approximate a square pulse in velocity produce a pair of shot pulses, with the second delayed in 
time and reversed in phase with respect to the first. The composite reflection has its greatest amplitude when the 
layer thickness (in two-way travel time) is one-half the basic period of the shot pulse. This situation is called “tun- 
ing.”’ The strongest reflections on field records result when the shot pulse is tuned to the velocity layering. (4) 
Ramp-transition zones (linear increase in the logarithm of velocity) produce integrated shot pulses at the changes 
in slope of the velocity function. 


A correspondence can be established between the velocity function and the synthetic seismogram by shifting 
the velocity function later in time. The shift is required because of “‘filter delay.’’ The amount of filter delay is 
related to the impulse response waveform, which, in the case of the synthetic seismogram, is given by the reflection 
from a step velocity function. 


INTRODUCTION phasized the qualitative, and in some instances 
quantitative usefulness of the model in assisting 
in the interpretation of field records. For those 
who are interested in the mathematical treat- 
ment, an appendix containing the pertinent steps 
and formulae is given at the end of the paper. 


This paper presents a treatment of the funda- 
mentals of synthetic seismograms from the view 
of linear filter theory. It gives a detailed descrip- 
tion of a linear filter model of the seismic process 
in the earth, and discusses reflections from simple 
velocity layering. rhe paper also contains a dis- THE LINEAR FILTER MODEL OF THE SfISMIC 
cussion of depth-time correspondence between the 


earth and the related seismogram, and some ex- 
This paper presents a linear filter model! of the 


actual seismic process in the real earth. The linear 
filter model is a mathematical model, and has 
the two characteristics common to all mathe- 


amples comparing field records and synthetic 
seismograms. 

The paper is written for the benefit of seismic 
interpreters. We want it to be of practical value 
to them, as we believe a thorough understanding 
of synthetic seismograms will contribute to a bet- 1. The models are precisely defined mathemati- 


matical models: 


ter interpretation of field records. For this reason, cally. 

ve have chosen a descriptive rather than a math- 
we h aly chosen a lesc peeve ‘ ther than a math 1 The model is a linear, passive, time-invariant filter, 
ematical treatment of the subject, and have em- which for simplicity we will call a linear filter. 
* Presented at the 29th Annual Meeting of the Society of Exploration Geophysicists, Los Angeles, November 10, 
1959. Manuscript received by the Editor March 3, 1960. 
+ Socony Mobil Oil Co., Inc., Dallas, Texas. 
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2. The models are only approximations to 
reality; that is, while the mathematical rela- 
tions are precise, they do not correspond to 
reality under all conditions. 


The primary purpose of a model is to answer 
some questions, but not all questions about the 
“thing” that is being modelled. The usefulness of 
a particular model lies in its success in giving cor- 
rect answers. The answers may be quantitatively 
inaccurate, but qualitatively useful. Even when 
the answers are partially wrong, the model is use- 
ful as it provides a framework for the description 
of deviations from ideality—-and we may be led 
to a better model. Models are important from 
another standpoint—and this is very important 
in the case of the linear filter model of the actual 
seismic process—in that they force a certain pre- 
cision of thought on the part of the problem 
formulator that had not been demanded by the 
relatively nebulous sort of thinking that pre- 
ceded the model. 

The linear filter model that is discussed in this 
paper was first presented in a very significant 
paper by Peterson, Fillipone, and Coker (1955). 
The Peterson model is defined by the following 
properties: 

1. The model earth is transversely isotropic, and is 
characterized in the z-direction by a continuous 
velocity function 2(z) that is obtained from a con- 
tinuous velocity log. The density function p(z) of 
the model is related to v(z) by p(z)=Alv(z)|", where 
k and m are constants. In the special case where 
p(z)=k. 

2. The shot pulse propagates in the z-direction as a 
plane wave, thus striking the layers at normal 
incidence. 

3. Reflections result exclusively from velocity 
changes due to the assumed relationship between 
density and velocity. 

4. Only primary reflections are allowed—all types of 

“noise” such as ground roll, ghosts, and multiples 

are excluded. 

. The shot pulse waveform is time-invariant; that is, 
its shape and amplitude are constant and do not 
change with travel time. 


Peterson called the output of his model the 
synthetic seismogram. The fact that the synthetic? 
is similar to the field record to a marked degree in 
many instances means that the model frequently 
gives the correct answers, which is an indication 
that the model approaches reality. This is suffi- 
cient reason to study the model in detail. 


? The noun, synthetic, is used for brevity in place of 
synthetic seismogram. 
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We will digress briefly and review the well- 
known properties of a linear, passive, time-invari- 
ant filter. Taking the adjectives in order: 


1. Linear means that the output is linearily 
related to the input; that is, if the input 
fi(t) produces an output o,(¢), and if another 
input fo(t) produces the output o2(¢), then the 
input /i(4)+/2(¢) will produce the output 
0,(t)+02(t). Also, if the input is A/;(¢), where 
A is a constant, the output will be Ao,(t). 

2. Passive means that the filter has no internal 
sources; that is, it responds only when it has 
an input. 

3. Time-invariant means that the properties 
of the filter are independent of time; that is, 
if produces o,(t), then fi(t+r) gives 
o(t+r). 


A standard method of characterizing a filter is 
by its impulse response (Figure 1). An impulse* as 
an input will produce a characteristic transient 
waveform as an output—this waveform is called 
the impulse response, g(/). There are two restric- 
tions on g(t) in any physically realizable filter 
(meaning one that can be constructed with physi- 
cal elements): 

1. g(t)=0 for 

2. g(t)-0 for 

In other words, a physically realizable filter can- 
not respond before the impulse is applied, and the 
effect of the impulse must eventually die out. 

Thus, a linear filter is a black box with an input 
and an output. The impulse response g(t) is a 
characteristic of the filter, and as such, belongs in 
the box. Any given input /(¢) will be modified in 
passing through the box, and the output will be a 
function of both f(¢) and g(t). Mathematically the 
output will be given by convolving f(t) with g(t). 
The mathematical operation of convolution is 


3 An impulse 6(¢) has the following properties: 
2, t=0 
0, t#0. 


Ze f 6(t)dt = 1. 


Thus, an impulse is infinite at the only point where it 
is not zero, and it approaches infinity in such a way 
that its area remains finite. Impulses are useful mathe- 
matical concepts, but they are not physically realizable. 
However, it is possible to approximate an impulse with 
functions that are realizable, such as a tall, thin square 
pulse. 


1. = 


\ 
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designated by a star, and is defined by the inte- 
gral relationship of equation (1), 


t 


(1) o(t) = f() * g(t) = f(r) g(t — 1)dr, 


where o(t) is the output waveform. Convolution 
is a commutative operation, hence 


(2) f(t) * g(t) = g(t) * 


This property of convolution shows that for a 
given input it is immaterial which of the two 
waveforms /(t) or g(2) is considered the input and 
which is considered the impulse response of the 
filter. The two possibilities with actual filters are 
shown in Figure 2. 

Now we will show why the reflection process in 
the Peterson model is a filter process. Consider 
first the model with one interface in Figure 3. The 
interface is parallel to the surface and is located at 
a depth d;. The velocity above the interface is 7 
and the velocity below is v2. In this model the shot 
pulse propagates as a plane wave with normal 
incidence on interfaces, hence in the special case 
where the density is constant, the reflection co- 
efficient at the interface is given by the familiar 
relation 


(3) 


As the reflection coefficient is not frequency 
discriminatory, the reflection has the same wave- 
form except for amplitude as the incident shot 
pulse. Considering the shot pulse to have unit 
amplitude, the reflection amplitude is given by 
equation (3). The polarity of the reflection is the 
same as the shot pulse if v is greater than 2; it is 
reversed in polarity if v2 is less than 1. The onset 
of the reflection occurs at the time 7;, which is the 
two-way travel time to the interface. Symboli- 
cally, the shot pulse is designated /(¢) and the 
reflection Ryf(t—7;). 
OUTPUT 


INPUT FILTER 


| 


| 


Impulse | 


Fic. 1 Impulse response of a linear filter. 


Impulse Response g(t) 


R. L. SENGBUSH, P. L. LAWRENCE, F. J. McDONAL 


INPUT FILTER OUTPUT 


Fic. 2. The impulse response and input are inter- 
changeable in a linear filter. 


This model can be extended directly to “‘n 
velocity interfaces as shown in Figure 4, which 
for sake of clarity shows non-vertical incidence. 
Each reflection has the same waveform as the 
time-invariant shot pulse, but each has its own 
characteristic amplitude, polarity, and time de- 
lay. The output from this model is the summa- 
tion of all the reflections. Calling the output 
waveform o(t), 


o(t) = Rif(t — m1) + Reof(t — 72) +--+. (4) 


This can be written concisely as a summation 


o(t) = Ri(r,)f(t — 73), (5) 


VELOCITY REFLECTION COEFF, 


REFLECTION RECORD AT SURFACE 


Time 
Shot Pulse, fir Reflection, R, Fit -7, 
Unit Amplitude Amplitude, R, 2d, 
Delay Time, 7, =—— 


Fic. 3. A model with one interface produces a reflec- 
tion record which consists of the shot pulse and one re- 
flection. Due to the assumption that the shot pulse is 
time-invariant, the reflection has the same waveform as 
the shot pulse. 
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where the notation R;(7;) indicates that the re- 
flection coefficients are a function of two-way 
travel time. 

The summation of equation (5) describes the 


665.99 


reflection process in the ‘“‘n” layered model. 
Mathematically this equation is a convolution, 
hence the reflection process in the model is a 
linear filter process. The earth can be considered 
a black-box filter whose impulse response is the 
set of reflection coefficients spaced properly in 
time. The shot pulse is the input. As with any 
filter the output is dependent upon both the in- 
put and the impulse response. The model can be 
extended from “‘n”’ discrete layers to a continuous 
velocity distribution in the limit as the layer 


DEPTH 
R, F(t -7) 


RoF(t - %) 


thickness approaches zero. Then the summation 
of equation (5) becomes an integral of the form 
(1). 

The complicated velocity layering of the earth 
is obtained from a continuous velocity log. The 
CVL can be sampled to give an “n”’ layer model, 
and the reflection amplitude at each interface 
can be calculated using equation (3). At this 
point Peterson introduced a significant approxi- 
mation, the logarithmic approximation, to the 
reflection coefficient. In equation (3) v2 can be 
replaced by v,+Av giving 


(v1 + Av) — 2 
(vy + Av) + v1 


Ri = , (6) 


Raf l(t 


F(t) 


Shot pulse 


R(t) 


Reflection coeff. 


o (t) 
n 


= R(7) F(t - Mr... 


o(t) F(t -%) 


Fic, 4. A model with “n” interfaces produces a reflection record which consists of the shot pulse and ‘“‘n 


” 


reflections. 


Due to the assumption of linearity, the output is obtained by adding the reflections algebraically. 
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(7) 


If Av is small compared to %, which will be true if 
the CVL is sampled at close enough intervals, 
equation (7) can be written as an approximation 


1 


(8) R 


9 
(9) R, 


The approximation is very good for reflection co- 
efficients less than 0.3. 

If density variations are considered in the 
model, v must be replaced in equation (9) by the 
acoustic impedance pv, where p is the density. 
However, if the density is related to the velocity 
by the general expression, p= kv", where k and m 
are constants, the acoustic impedance becomes 


(10) pv = kt 


In equation (9) the reflection coefficient becomes 


1 
= A log kv™*!, 


1 
[A log k + (m + 1)A log 


m+ 1 


(12) R= A log 2. 


In this case also, the reflection coefficient is 
proportional to the change in the logarithm of 
velocity. 

The continuous velocity log gives the velocity 
distribution as a function of depth. This is con- 
verted to velocity as a function of two-way travel 
time. In the discrete layer case the reflection 
amplitude is determined by the reflection co- 
efficients, as given by equation (3) or by the ap- 
proximation of equation (9). In the continuous 
case the set of reflection coefficients is replaced by 
the reflectivity function, designated r(t). The 
reflectivity function can be developed from equa- 
tion (7) by letting the sampling interval approach 
zero as a limit. Equation (7), which is an exact 
expression, becomes 
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_ dv 
lim — lim 
Al 4:0 At 
+ 


(14) 


(15) 


The coefficient of 3 
can be ignored. The logarithm of velocity as a 
function of time will be called the velocity func- 
tion, Then the derivative of the velocity function 


is merely a gain factor and 


with respect to time is defined as the reflectivity 
function, 


d log v(t) 


16 
dt 


r(t) = 


If the velocity function is continuous, the reflec- 
tivity function will also be continuous, and 
equation (16) will be an exact expression in com- 
parison to equation (9) which is an approxima- 
tion. The steps required to convert a velocity log 
to the reflectivity function are shown by the block 
diagram in Figure 5. 

The reflection process is a filter process; there- 
fore, there are two alternate ways of considering 
the filtering process in the model (Figure 6). The 
normal way of viewing the reflection process is to 
consider the shot pulse as the input and the re- 
flectivity function as the impulse response of the 
filter. However, the input and the filter can be 
interchanged, making the input the reflectivity 
function and the shot pulse the impulse response 
of the filter. This is the analog method of pre- 
paring synthetic seismograms, as described by 
Peterson. The filtering that acts upon r(t) has 
been divided into two parts, the shot pulse /(é) 
and the filtering external to the earth e(t). The 
latter includes the combined effect of all instru- 
ments plus geophone coupling. These two filters 
are in cascade, hence the synthetic seismogram 
s(t) is given by 
(17) 
We will use the definition, b(/)Af(d)*e(t) to 
simplify the notation. Then 


s(t) = r(t) * b(t). 


s(t) = r(t) * f(t) * e(2). 


(18) 
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velocity log reflectivity 
function 
rin 4 log v tt 


Vic. 5. The reflectivity function is obtained from the continuous velocity log in three steps. 


The concept of the shot pulse as a filter should 
not be confused with the concept of earth filter- 
ing (Figure 7). Earth filtering results in a broaden- 
ing of the shot pulse waveform with travel time, 
because of the increasing loss in amplitude of the 
higher frequencies by attenuation and scattering. 
The broadening of the waveform with travel time 
occurs simultaneously with the reflection process. 
This introduces time-variance into the reflection 
process in the real earth. 

In this model all earth filtering is lumped to- 
gether and applied at the source. Then the shot 


pulse waveform is considered to be time-invariant. 
Since most of the pulse broadening occurs close 
to the shot, this is a reasonable assumption over 
a large portion of the record, provided we are 
considering times beyond approximately } sec- 
ond. 
OTHER MATHEMATICAL MODELS 

The invention of the continuous velocity log 
made it possible for the first time to characterize 
the earth in all its complexity by a parameter that 
is directly related to reflections on seismic records. 


INPUT FILTER OUTPUT 
r (t) o (t) 
Shot pulse Reflectivity 
function 
(a) Filter external | Synthetic 
to earth s (t) 
e (t) 
r(t) F(t) o(t) 
Reflectivity Shot pulse 
function 


(b) 


Fic. 6. The reflection process in the model is a linear filter process, and as a result there are two alternative ways 
of representing the process. Either the shot pulse or the reflectivity function can be either the input or the impulse 


response. 
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Initial shot pulse 


Reflections from 


various depths 


Fic. 7. The shot pulse in the actual earth is time-variant, resulting in a broadening of the reflections with time. 
The assumption of time-invariance in the model requires that the distributive effects of earth filtering be lumped 


at the source and applied to the initial shot pulse. 


Before the CVL, the mathematical model that was 
used was what we call the ‘‘thick-layer” model. 
It had the same properties as the Peterson model 
except that in the absence of definite velocity in- 
formation, the thick layers were characterized by 
uniform velocities within each layer. This model 
contained a countable interfaces, 
which gave rise to a countable number of reflec- 
of course, there could be some overlapping 
of reflections to give a composite reflection—with 
reflections. Linear filter 
theory as described by equation (5) precisely 
defines the thick-layer model. 

The refinement introduced by Peterson of us- 
ing the continuously varying velocity obtained 
from a CVL brought the model closer to reality. 
It is an “ideal” model in that the synthetic 
seismogram output contains nothing other than 
primary reflections. Other models have been in- 
troduced which depart from the ideal and be- 
come more realistic by introducing ghosts, rever- 
berations, and other multiples. 

Berryman (1958) and Wuenschel (1960) have 
described models which contain all multiples. 
These two models have the same properties as the 
Peterson model, except for the fourth property. 
The continuous velocity function from the CVL 
is sampled to give an ‘“‘n” layered earth, and all 
reflections, primary and multiple, are obtained 
by solving the one-dimensional wave equation, 
taking into account the reflection and transmis- 


number of 


tions 


“noise”? in between 


sion effects at each boundary. In place of the re- 
flectivity function v(t) as defined by equation 
(16), they obtain a more complicated function 
which contains both primary and multiple re- 
flectivity, which is then convolved with the 
seismic pulse. The seismic pulse as described by 
Wuenschel includes the combined effects of the 
shot pulse, instrument response, and ghosts. 

Backus (1959) introduced water reverberations 
into the model by means of a filter in cascade 
with 0(t). This additional filter, call it h(¢), in- 
cludes both the reverberations (multiple reflec- 
tions) within the water layer and the location of 
the detector. The water-reverberated seismo- 
gram is given by 


sp(t) = r(t) * b(t) * h(t). (19) 


Lindsey (1960) introduced ghosts into the 
model in the same way that Backus introduced 
reverberations. In the case of ghosts, the addi- 
tional filter can include both the velocity layer- 
ing above the shot and the additional attenuation 
in the ghost path. Equation (19), which will ap- 
ply to both the Backus and Lindsey models with 
proper choice of h(t), is written with r(¢), but the 
Berryman-Wuenschel multiple reflectivity func- 
tion could be used in place of r(t). Of course, the 
main objective of both Backus and Lindsey was 
not to determine s,(¢) from a known r(t), but 
rather to eliminate h(t) from the field records. 

A more realistic model would use a time- 
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variant sh ulse. The mathematics is only 
slightly more complicated, and time-variant 
synthetics could be easily calculated using digital 
computers. With analog equipment, an adequate 
approximation to time-variance can be accom- 
plished piece-wise by using different filters for 
different sections of the the time- 
variance is slow with respect to the time con- 
stants of b(¢). 

~ We do not intend to discuss further any of the 
models other than the Peterson model. We will 
continue with a discussion of the reflections from 
some simple velocity functions as a basis for the 


record if 


more general velocity functions obtained from 
CVL’s. 
SIMPLE VELOCITY FUNCTIONS 

Now consider the reflections from the simple 
velocity layering in Figure 8. The simplest layer- 
ing is a single interface between two beds of dif- 
ferent but uniform velocity. This layering has a 
step velocity function. We know that it produces 
a reflection having the same waveform as the 
shot pulse. Its amplitude and polarity are de- 
termined by the velocity contrast across the in- 
terface. 

A thin, high velocity layer in a uniform velocity 
section has a spike (a tall, thin square pulse) for 
a velocity function. The reflection from such a 
layer approximates the differentiated shot pulse. 

A linear increase in velocity with depth corre- 
sponds to a linear increase in the logarithm of 
velocity with time. This type of velocity function 
is called a ramp. A ramp is an integrated step, 
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hence the reflection from a ramp is the integrated 
shot pulse. The onset of the reflection is at the 
change in slope. The amplitude of the reflection 
is proportional to the change in slope. If the 
change in slope is doubled, the amplitude is 
doubled. If the change in slope is negative, the 
reflection is reversed in polarity. 

Consider now a three-layer case where the first 
and third layers have the same velocity and the 
velocity of the middle layer is larger (Figure 9). 
The velocity function is a square pulse. There are 
two reflections; a positive one, beginning at h, 
and a negative one, beginning at tf. The com- 
posite reflection is the sum of the two. The square 
pulse will be discussed by considering the ratio 
of At/T, where At is the bed thickness expressed 
in two-way travel time and T is the basic period 
of the shot pulse as defined in Figure 11. The ratio 
is important, not the layer thickness nor the basic 
period individually. 

When the bed thickness Af is large compared to 
the length of the shot pulse, the square-pulse 
layering is merely two isolated steps. The result- 
and each has the 
The polarity 


ing reflections are distinct, 
same waveform as the shot pulse. 
of the second reflection is opposite to that of the 
first. 

When Af equals one-half the basic period of the 
shot pulse the amplitude of the composite re- 
flection becomes a maximum, approaching twice 
the amplitude of the reflection from a step. This 
increase in amplitude is called tuning; that is, the 
shot pulse is “‘tuned’’ to the velocity layering. 

As the At/T ratio decreases from one-half, the 
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Fic. 8. Reflections from step, impulse, and ramp velocity functions. 
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Fic. 9. Reflections from square-pulse velocity functions, showing the three critical At/T ratios. 


amplitude of the composite reflection decreases. 
The square pulse is approaching a spike; there- 
fore, the reflection approximates the differentiated 
For ratios less than 0.2 the reflection 
amplitude is decreased by one-half whenever the 
This is exactly the 


shot pulse. 


ratio is decreased by one-half. 
effect of differentiation. 

The reflections from a series of square-pulse 
velocity zones of different thicknesses are shown 


jl 


in Figure 10. This figure shows the effect of vary- 
ing the At/T ratio. The reflection from the step 
velocity change at the right end of the figure 
shows the shot pulse used on each trace. These 
pulses have the same amplitude and the same 
fundamental shape, but different basic periods. 
In effect, the fundamental waveform is stretched 
or compressed in time to give the various basic 


periods. Horizontally, each trace forms a set of 


Basic period of 


aN 


14 J. 


29 ms~ 


Two-way time thickness of high velocity bed, at 


Fic. 10. Model study of square-pulse velocity functions showing effect of eee either the bed thickness or 
the basic period of the shot pulse. The maximum reflection amplitude (47) occurs when At/T'~ 3. 


: 

146 

| 

1 

j 
\ | | | 
\| | | 
V V 

| 
| | 

| 

Ma 


INTERPRETATION OF SYNTHETIC SEISMOGRAMS 


reflections where the basic period of the shot 
pulse is held constant and the bed thickness is 
varied. Vertically, there is another set of re- 
flections where the bed thickness is held constant 
and the basic period is varied. The tuning effect 
can be seen by following either a horizontal or a 
vertical set of reflections. As the ratio approaches 
one-half, the reflection amplitude becomes a 
maximum. The largest reflections for each hori- 
zontal and vertical set are labeled M on the 
figure. 

The amplitude of the composite reflection is 
plotted in Figure 11 as a function of the At/T 
ratio. The amplitude is normalized by consider- 


Square wave 
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ing the reflection from the step to be unity. As an 
example in the use of the figure, let T=30 ms and 
the velocity in the layer be 10 ft/ms. The reflec- 
tion from a layer 75 ft thick has twice the ampli- 
tude of the reflection from an infinitely thick 
layer, while one 22 ft thick produces the same 
reflection amplitude, and one 11 ft thick has half 
that amplitude. It is of interest to note that the 
22-ft layer is only one-fourteenth of the apparent 
wave length of the shot pulse, and its reflection 
is as large as when the layer is infinitely thick. 
Consider now a three-layer case where the 
middle layer of thickness Af has a linear increase 
in the logarithm of velocity and the layers on 
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Fic. 11. Plot of normalized reflection amplitudes as a function of the 
At/T ratio, for square-pulse velocity functions. 
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Fic. 12. Reflection from ramp-transition velocity functions, showing the three critical At/T ratios. 


either side have constant velocity (Figure 12). 
This is called a ramp-transition velocity function. 
The changes in slope at ¢; and ¢2 are of equal mag- 
nitude but opposite sign. Hence this layering 
reflects two integrated shot pulses of equal mag- 
nitude, a positive one beginning at f, and a nega- 
tive one beginning at fz. The amplitude of each 
reflection is proportional to the change in slope, 
hence is inversely proportional to Af in this case. 

The ramp-transition zone will be discussed by 
considering the effect of the At/T ratio on the 
amplitude of the composite reflection. When At 
is large compared to T, the two reflections are 
distinct. Their amplitudes decrease as the At/T 
ratio increases. Doubling the ratio decreases their 
amplitudes by one-half. This is exactly the effect 
of integration. 

When At is small compared to T the ramp- 
transition function approaches a step function, 
consequently the reflection waveform is the same 
as that of the shot pulse. 

When the At/T ratio is approximately one-half 


there is a tuning effect due to the constructive 
addition of the two reflections. However, each 
reflection is reduced by the factor 1/At, with the 
net result that the maximum amplitude of the 
tuned reflection is always less than the amplitude 
from the step. 

The reflections from ramp-transition layering 
are shown in Figure 13. As in the figure for the 
square-pulse layering, there is a horizontal and 
a vertical set of reflections. The amplitudes of 
the composite reflections are plotted as a func- 
tion of the At/T ratio in Figure 14. The bulge in 
the curve near At/T =} is due to tuning. 

A triangular velocity function that is tuned 
to the shot pulse is shown in Figure 15. The 
changes in slope at /; and ¢; are of equal magnitude 
and both are positive while the change in slope at 
te is twice that magnitude and is negative. Thus, 
the composite reflection is the sum of three in- 
tegrated shot pulses. The first and third are posi- 
tive with equal magnitude. The second is nega- 
tive with twice that magnitude. 
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Tuning of two or more reflections results in in- velocity functions of part a to give the type of 
creased reflection amplitude due to constructive log v(¢) input that is found frequently in practice. 
addition. Additional properly spaced interfaces The shot pulse is tuned to the fundamental veloc- 
will continue to increase the maximum amplitude — ity layering. Therefore, it filters out the super- 
until the number of equally spaced interfaces is imposed high-frequencies and produces reflections 
the same as the number of half-cycles in the shot which are similar to the reflections from the 
pulse. Further increase in the number of inter- fundamental velocity functions. 

faces will cause no further increase in the maxi- 
mum amplitude. 

Figure 16 shows the reflections from simple The previous development shows that the re- 
velocity functions. Included are the reflections flection from a single interface has a unique onset 
from one, two, four, and eight interfaces. The — time on the reflection record. The single interface 
shot pulse has three major half-cycles. On the — is a point in depth in the earth and has an equiv- 
third and fourth traces the shot pulse is approxi- alent point in time on the velocity function. 
mately tuned to the square-pulse layering. The However, each point in depth d; produces a re- 
maximum amplitude of the tuned reflection in- sponse O(t), beginning at the equivalent time 
creases progressively as the number of interfaces point ¢; and extending later in time for duration 
is increased from one (the step) to two and from — equal to the total length of b(t) (designated A in 
two to four. Further increase in the number of | Figure 18). Conversely, the entire depth zone of 
interfaces to eight does not increase the maximum _ thickness A’ above d; (A’ is equivalent to A in 
amplitude of the reflection. time) contributes to the reflection amplitude at a 

Other velocity functions will give maximum time point /;. Thus, the filtering action of b(é) 
amplitude reflections when they are tuned to the _ shifts the synthetic (and field) record later in time 
shot pulse. This is demonstrated in Figure 17 with respect to the velocity function. The shift is 
where square pulses are compared with sine and called “‘filter delay.” 
impulse-type velocity functions having the same The filter delay is related to the impulse re- 
fundamental period. In part } high-frequency sponse waveform. In the case of the synthetics, 
the impulse response )(¢), which is the shot pulse 
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Fic. 13. Model study of ramp-transition velocity functions showing effect of changing 
either the bed thickness or basic period of shot pulse. 
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Fic. 14. Plot of normalized reflection amplitudes as a function of 
the At/T ratio, for ramp-transition velocity functions. 


as modified by the external filtering, is given by 
the reflection from a step velocity function. The 
filter delay is constant when b(t) is time-invariant, 
while it becomes progressively larger depending 
upon the time-variance in the case of field records. 

Consider the two synthetic records made from 
an idealized velocity log in Figure 19. The shot 
pulses have different character, as shown by the 
reflection from the step velocity changes. The 
step is a point in depth. It produces a reflection 
which extends 70 ms on the upper trace and 55 
ms on the middle trace. The two shot pulses have 
the same basic period. The upper one has two 
major peaks and one major trough; the middle 


0.5 


one has two major troughs and one major peak. 
The upper one has some extra legs, but they are 
small and contribute little to the resulting syn- 
thetic. Thus, the two pulses have similar shapes 
except for a phase reversal and a relative time 
displacement. The best correlation between the 
two shot pulses is the major trough on the upper 
trace with the major peak on the middle trace, 
with a relative time displacement between them 
of 12 ms. Notice that the phase reversal is not 
due to an inconsistency in the initial breaks of 
the shot pulses, as the reflection from a step veloc- 
ity change from low to high velocity (the first 
step on the direct trace) has an initial downbreak 


a 
50 
1 
| 
at || 
q POSS 
ae 
2.0 
wos 
1.0 
oak 
0.5 
\ 
bs 
0.2 
a 
: 


INTERPRETATION OF SYNTHETIC SEISMOGRAMS 151 


on both traces. The polarity reversal and time 
delay of the pulse on the upper trace are due to 
additional filtering of the upper shot pulse. 
After comparing the shot pulses on the two 
traces, it is not surprising that the resulting syn- 
thetics have similar character, but are out of 
phase and displaced in time by 12 ms for the best 
correlation between them. These observations 
follow directly from the similarities and dif- 
ferences between the shot pulses. In Figure 19 a 
time shift has been made between the upper and 
middle traces to make the correlation more ob- 


Tuning of three 


integrated shot pulses —_Js 


vious. 

Consider now the correspondence between the 
velocity function and the synthetic on the middle 
trace. A filter delay of 15 ms on the synthetic 

| | establishes a correlation between peaks on the 

| | synthetic and high velocity zones on the velocity 

~— | — function. The two traces have been time-shifted 

| by this amount in Figure 19 to make the com- 

|| parison more obvious. Another good correlation 

V could have been made by shifting the velocity 

Fic. 15. Reflections from a triangular velocity func- function 30 ms in which case a high velocity zone 
tion, under the condition of optimum tuning. would correspond to a trough on. the synthetic. 
Thus, the synthetic does not have a unique cor- 
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Fic. 16. Synthetic seismograms made from a variety of simple velocity 
functions, using different shot pulses. 
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Fic. 17. Tuned reflections, showing how the shot pulse filters out the 
high frequencies superimposed on the tuned-velocity functions. 


relation with the velocity function although there 
is usually a ‘“‘best’’ correlation. 

The correlation that was made between high 
velocity zones and reflection peaks, with a time 
delay of 15 ms, is applicable for tuned and spike 
velocity layering. Notice that the spike in Figure 
19 correlates with the first peak of the reflection. 

d; 
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Fic. 18. Correspondence between depth and time. 


However, the step interface correlates with the 
zero crossing preceding the first peak, and the 
onset of the ramp-transition zone correlates with 
the trough preceding the above zero crossing. 
This follows directly from the fact that the reflec- 
tions from spike, step, and ramp velocity func- 
tions are differentiated, flat, and integrated shot 
pulses, respectively, and a constant time delay 
from the onset of the reflections will pass through 
a peak, zero crossing, and trough, respectively. 


COMPARING SYNTHETICS WITH FIELD RECORDS 


In making synthetic seismograms by analog 
methods the velocity function is used as the input 
to a filter, and the filter is adjusted to give a 
satisfactory comparison with the field record. 

The filtering used in making a synthetic record 
can be considered correct if the synthetic matches 
the field record. There are three criteria for a good 
match: 


The field and synthetic records should match 
in character. They should have the same in- 
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terval time between large reflection events. 
They should have the same ‘‘dead”’ zones. 
When the field and synthetic records have 
the best character match, they should also 
have the same filter delay. In other words, 
there should be no relative time-shift be- 
tween them on best match. 

The polarities of the synthetic and field ree- 
ords should be consistent. If the polarity of 
the field record is established by making the 
first breaks kick down, a step velocity 
change in the earth from low to high velocity 
will produce a reflection that initially breaks 
down on the field record. The polarity of the 
synthetic can be set to the polarity of the 
field record by placing an isolated step on 
the velocity function and observing the 
initial break of its reflection. 


There are many possible reasons for a poor 
match between the synthetic and field records. 
They fall into three classes: 

1. The filtering on the synthetic may not 
duplicate the filtering on the field record. 
Remember that the field record contains a 
shot pulse filter as well as all filtering ex- 
ternal to the earth, such as geophone cou- 
pling, geophone response, amplifier filter, 
AGC, and so forth. 

. The assumptions made in formulating the 
model may not hold sufficiently well in the 
actual earth. The poorest assumption is that 
the field record contains primary reflections 
only. Noises that may be present on the 
field (multiples, surface 
waves, etc.) do not appear on the synthetic. 


record ghosts, 


Synthetic, A 


time shift A to B, 12 ms Ht 


Synthetic, | 


time shift B to V, 15 ms | 


Velocity Function, V | | 


The assumption that density is constant, or 
proportional to velocity, is poor in some for- 
mations, especially those containing salt and 
anhydrite. 

. The original velocity log is subject to errors. 
The most serious is due to washouts in shale 
or salt sections. With one-receiver logs the 
recorded velocity is too low in washouts. 
This results in exaggerated amplitude of the 
reflections and in timing errors of up to 15 
ms on the synthetic record. With two- 
receiver logs the timing errors are minor but 
washouts may produce false character. 

The filtering used in making synthetics is 
generally determined empirically, using two band- 
pass filters—one matching the filter used on the 
field record and the other simulating the filtering 
action of the shot pulse. These are the most re- 
strictive parts of the over-all filtering of the field 
record. The recording filter is known; therefore, 
the second one is varied to give the best match 
between field and synthetic records. The precise 
waveform of the shot pulse is unknown, but it is 
a bandpass filter. In fact it is the factor that de- 
termines the ‘seismic band.” 

Three examples comparing field and synthetic 
records are shown in Figures 20-22. For each 
field record, one high-quality trace was obtained 
by mixing several traces after static time-correct- 
ing for weathering and elevation variations. 
Column charges were used in the first two cases to 
reduce the strong ghosts that were present. 

The synthetic records in each case have the 
same polarity as the field record, as determined 
from the initial downbreak of the reflection from 
the artificial step placed near the beginning of 
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Fic. 19. Correlation of synthetic seismograms with a velocity function. A correspondence is established between 
the largest reflections (the tuned reflections) and the velocity function by shifting the velocity function later in 
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Fic. 22. Comparison of field and synthetic records from a well in North Central Texas. 


rT 
| | | || | | | | 
Vel | | 
J | | | | | 
a aa Fic. 21. Comparison of field and synthetic records from a well in South Texas. a 
if iN | Wile apes | 
Velocity Function | 
|| 


INTERPRETATION OF SYNTHETIC SEISMOGRAMS 155 


each velocity function. This fulfills the third cri- 
terion for good matching. 

The synthetic and field records in Figures 20 
and 21 are displayed with zero relative time shift, 
in accordance with the second criterion. A time 
shift has been allowed in Figure 22 because the 
continuous velocity log in this well was not 
checked by a geophone survey. Thus, the time 
scale of its velocity function is not anchored to 
the “‘exact”’ times of a survey. 

The first criterion, the character match, is the 
most important. The character matches shown in 
the three examples are the best that were achieved 
using two bandpass filters, one to simulate the 
shot pulse and one to simulate the recording sys- 
tem. In each case the velocity function has been 
time-shifted to the right to establish a corre- 
spondence between it and the synthetic record. 

The well in Figure 20 is in the Williston Basin. 
A correspondence was established between the 
synthetic and the velocity function by equating 
the N trough and the high velocity peak in the 
Newcastle. The velocity function was shifted 23 
ms to the right to line up these two points. The 
troughs marked Ni, Gh, P, Mk, C, L, and RR 
correspond to high velocity zones in the Nio- 
brara, Greenhorn, Piper, Minnekahta, Charles, 
Lodgepole, and Red River, respectively. The 
peaks marked J, O, and W correspond to low 
velocity zones in the Jurassic (Morrison), Opeche, 
and Winnipeg, respectively. 

The synthetic and field records were recorded 
with a 15-134 cps filter, and in addition, the syn- 
thetic was filtered using a 30-43 cps “shot pulse” 
filter. This shot pulse filter gave the best match 
of the Newcastle reflection. 

The synthetic and field records are timed below 
datum and are displayed with zero relative time- 
shift between them. The N trough has an arrival 
time of 972 ms on both, showing that the criterion 
of no relative time-shift is satisfied. The minor 
variations of a few milliseconds between corre- 
sponding events on the two traces are probably 
due to minor errors inherent in the time scale of 
the velocity function. Presumably the time scale 
of the field record is above reproach. 

The reflection from the isolated step introduced 
at the left of the velocity function not only es- 
tablishes the polarity but also shows the wave- 
form of the shot pulse. The basic period T of the 
shot pulse is 29 ms. By using this value of T in 


Figures 11 and 14, the relative effectiveness of 
square-pulse and ramp-transition zones in pro- 
ducing reflections can be determined. For ex- 
ample, the Newcastle can be resolved into the 
sum of a ramp transition zone whose thickness 
At is 22 ms, and a negative step that is delayed 22 
ms behind the onset of the transition zone. The 
At/T ratio of the ramp transition zone equals 0.76, 
giving a normalized reflection amplitude of 0.35 
using Figure 14. But by direct measurement from 
the velocity function one finds that the ramp 
amplitude is only 0.71 as large as the negative 
step; therefore, if the amplitude of the negative 
step reflection is considered unity, the amplitude 
of the ramp transition reflection will be 0.71 0.35 
=().25. Thus, the negative step at the base of the 
Newcastle is four times more effective than the 
ramp transition zone in producing a reflection. 

The well in Figure 21 is in South Texas. The 
strongest and most consistent reflection in this 
area is the tuned reflection produced by the cyclic 
variation in velocity in the alternating sands and 
shales beginning with the Lopez (L) sand. The 
velocity function of these sands and shales has a 
basic period of about 20 ms, which is equivalent 
to a basic frequency of about 50 cps. This fre- 
quency falls within the passband of the shot 
pulse filter, which was empirically determined to 
be 40-79 cps. The shot pulse filters out the high 
frequencies that are superimposed on the 50 cps 
basic signal in the same manner as shown in 
Figure 17(b). In Figure 21 the velocity function 
has been time-shifted about 25 ms to the right to 
establish the correspondence between high veloc- 
ity zones and peaks on the field record. 

The well in Figure 22 is in North Central 
Texas. It illustrates the point that reflections 
from a step velocity change in the earth are 
ordinarily smaller than reflections from tuned 
layers. The Canyon (C) limestone has a step-like 
velocity change from about 11 to 17 ft/ms, but its 
reflection is considerably smaller than the later- 
arriving tuned reflections that are produced by 
alternating limestones and shales. 

APPENDIX 
A. The Complex Domain 

The relationship between the field and syn- 
thetic records can be written concisely using the 
Laplace transforms of the time functions. The 
Laplace transform of /(¢) is defined by 
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A function in the time domain /(¢) is transformed 
into a function of a complex variable F(s). 
Mathematical operations are simplified in the 
complex domain. The following operations are 
equivalent: 

Complex Domain 
division by s 


Time Domain 
1. Integration; 


F(s) 
f f(s)dt 


2. Differentiation; multiplication by s 
df(t) 
dt 


3. Time shift by a units; 


sF(s 


multiplication by 


f(t — a) RS). 


4. Convolution; multiplication of transforms 


t 
f Silt) fo(t — r)dr 


The convolution integral of equation (1) be- 
comes O(s)=F(s)G(s) in the complex domain. 
Multiplication of transforms is commutative, 
hence F(s)G(s)=G(s)F(s). It is not 


F\(s)Fe(s). 


necessary 
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that one of the corresponding time functions is 
considered the input to a filter and the other the 
impulse response. 

The reflectivity function is the derivative of the 
velocity function, 


dw(t) 
d(t)’ 
w(t) =loge(t). Thus, R(s)=sW(s). The 


Figure 6 becomes 


where 
filtering process shown in 
S(s) = F(s)R(s)E(s), where S(s) is the transform 
of the synthetic seismogram and E(s) is the trans- 
form of the impulse response of the external filter. 
Also, S(s) =sF(s)W(s)E(s). 

The simple velocity functions in Figures 8, 9, 
12, and 15 have simple transforms, hence give 
rise to simple reflections as tabulated below. 
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UNDERGROUND AND SURFACE GRAVITY SURVEY, 


LEADWOOD, MISSOURI* 


S. T. ALGERMISSENf 


Abstract: A surface gravity survey consisting of 214 stations covering approximately four square miles was con- 
ducted over and adjacent to the North Leadwood Mines at Leadwood, Missouri. A corresponding survey of 278 
stations was carried out in the mine workings. A method of reducing underground gravity observations is outlined. 
The principal factors limiting the accuracy of the underground observations are given. Methods for determining 
rock densities are described. A comparison of the surface and underground gravity maps shows that major Pre- 
cambrian knobs were revealed by both surveys. Smaller structures not shown on the surface map were revealed 
by the underground survey. Anomalous density areas between the level of the two surveys were easily located. 


INTRODUCTION 


The area investigated comprises approximately 
four square miles near and including the town of 
Leadwood,. Missouri, about sixty miles southwest 
of St. Louis. The survey consisted of 214 surface 
gravity stations over the North Leadwood Mine 
and 278 stations underground in the mine work- 
ings. The North Leadwood mine is one of the 
large lead mines of the Southeast Missouri lead 
district, known locally as the “Lead Belt.” The 
principal ore mineral is galena, but some zinc is 
found as sphalerite. 

The objectives of the survey were to obtain a 
comparison of gravity observations taken on two 
different levels, and in addition, show up the 
known structures and perhaps some unknown 
structures associated with the ore deposits in the 
mine. No attempt was made to locate concentra- 
tions of lead directly by means of the gravity 
survey. The galena is finely disseminated through 
the rock and the average grade of ore is approxi- 
mately three to four percent. 


GENERAL GEOLOGY 


The geology of the Southeast Missouri lead 
deposits has been described in detail by a number 
of authors. The most complete descriptions are 
those of Buckley (1908), Tarr (1936), James 
(1949-52), and Ohle and Brown (1954). Buckley’s 


description and other early reports of the dis- 
trict are limited by the fact that several of the 
major ore bodies were only slightly developed at 
the time they were written. 


Description of the Leadwood area 


The rock succession is a Precambrian base- 
ment of igneous rocks unconformably overlain by 
a sedimentary series which is Upper Cambrian in 
age. The lithology of the Precambrian igneous 
rocks is not well known in the Leadwood area. 
Surface and underground diamond drill holes 
have located these rocks in only three localities. 
In all three localities, the rock type was logged 
as “porphyry” a term used locally to indicate a 
rhyolite porphyry. It is possible that at least a 
portion of the Precambrian basement beneath 
the North Leadwood Mine is composed of granite 
since the Precambrian hills at the nearby Hayden 
Creek Mine are known to be granite (Ohle, 1952). 
The Precambrian surface was a mature topog- 
raphy of considerable relief which was subjected 
to a long period of erosion. It was covered in 
Upper Cambrian time with a blanket of basal 
sand, known as the Lamotte sandstone, which 
contains some shale and dolomitic sand and in 
some localities, residual igneous boulders near 
the base. Overlying the Lamotte sandstone is 
the Bonneterre formation, which is the prin- 


* Presented at the 27th Annual Meeting of the Society at Dallas on November 14, 1957. 
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cipal ore bearing formation in the Lead Belt. The 
North Leadwood Mine is at or near the base of 
the Bonneterre. The Bonneterre is about 375-400 
ft thick and outcrops in the Leadwood area. It is 
composed principally of dolomite with some 
limestone and minor amounts of shale. The for- 
mation has been subdivided by geologists of the 
St. Joseph Lead Company into units numbering 
from top to bottom: 1, 3, 5, 7, 10, 12, 15, and 19. 
A detailed description of the units is given by 
Ohle and Brown (1954). Omitted numbers in the 
zoning of the formation indicate certain rock 
types with restricted distribution and limestone 
types found outside the mining district which are 
the equivalent of the dolomite beds within the 
district. Upper Cambrian dolomites and _ lime- 
stones are found above the Bonneterre. They are 
not known to contain appreciable ore in the 
Leadwood area. 


Important structural features at Leadwood 


Ohle and Brown (1954) and other writers as 
well, have recognized three principal types of 
structure influencing Lead Belt ore bodies: (1) 
domal or anticlinal structures related to buried 
Precambrian knobs and ridges, (2) sedimentary 
arch structures of depositional origin and (3) 
fracture zones. 

Three dome structures in the Bonneterre for- 
mation which reflect buried Precambrian knobs 
are present in the North Leadwood Mine. They 
are known as the Schultz, and 
Switchback knobs. Some of the largest tonnages 
of ore in the mine have been taken from the 
basal part of the Bonneterre formation over and 
around the periphery of these knobs. The Switch- 
back knob projects into the Bonneterre forma- 
tion. The Schultz Knobs are 
covered by a thin layer of Lamotte sandstone. 
The presence of the Schultz and Leadwood Knobs 
is reflected in the contour map of the top of the 
Lamotte sandstone (Figure 2). 

Sedimentary arch structures of depositional 
origin have also been important in localizing ore 
bodies. These arch structures, primarily present 
near the base of the Bonneterre formation (19- 
zone) were presumably formed by current action 
in a northeast direction during the deposition of 
the Bonneterre. The controlling factor in the dep- 
osition of the arches is not clear. 

Faults and fracture systems appear to be re- 
lated to ore trends in some cases, but the larger 
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ore trends seem to be related to depositional 
features. Snyder and Odell (1958) have empha- 
sized the importance of sedimentary breccias in 
the localization of ore. 


DENSITY MEASUREMENTS 


The results of density measurements on 100 
diamond drill cores and a generalized strati- 
graphic column are shown in Figure 3. Some of 
these cores are from the North Leadwood Mine 
and others are from the surrounding mining dis- 
trict. The numbered zones represent subdivisions 
of the Bonneterre formation recognized in the 
mining district. 

The density computed from a density profile 
(Nettleton, 1939) over a hill near Leadwood is 
also shown in Figure 3. It is evident that the 
major density contrast of about 0.3 gm./cc. is 
present between the Lamotte sandstone and the 
remainder of the rock types present. It is prob- 
able that only structures associated with the ma- 
ture Precambrian topography and/or thickening 
or thinning of the Lamotte sandstone would be 
revealed by a gravity survey. 

Another method of obtaining a suitable density 
value for the rocks between the surface and the 
mine was used. The gravity value at a point on 
the surface was compared with the gravity read- 
ing obtained directly beneath it in the mine using 
the relationship (Hammer, 1950): 


Ag = (F — 4ryo) AH + AT. (1) 
Where Ag is the vertical change in gravity be- 
tween a point on the surface and a point under- 
ground, F is the free air vertical gradient (.0904 
milligals per foot), y is the gravitational constant, 
o is the density, AH is the vertical distance be- 
tween the point on the surface and the point 
underground, and AT is the change in terrain 
correction over the interval AH. If no anomalous 
variations in the vertical gradient occur, a value 
for ¢ may be computed since all the other quan- 
tities in equation (1) may be determined. During 
the course of the survey, eight pairs of surface 


and underground gravity observations were used 
to compute average rock density values for the 
rocks between the surface and the mine workings. 
Table I indicates the computed average densities 
and the formation outcroppings where the surface 
station was located. All of the underground sta- 
tions were in the Bonneterre formation. 
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Fic. 2. Structure contour map of the top of the Lamotte sandstone. 


It was possible to locate the surface station 
directly over the corresponding underground 
station because of the close network of surface 
elevations, and the accurate surface and mine 
maps maintained by the St. Joseph Lead Com- 
pany. The principal sources of error in determin- 
ing the densities in Table I are the error in cor- 
rections for mined-out areas, terrain effects and 


station elevation error. Consideration of these 
errors result in a determination of density by 
this method to an accuracy of about +0.03 
grams/cm.', 


THE SURFACE GRAVITY SURVEY 
The 214 surface gravity stations were reduced 
in the standard manner using density of 2.60. 
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FORMATION DENSITY (gms./cu. cm.) 


Derby-Doerun 
dolomite 


Davis 
dolomite 


dolomite with 
shale bands 


shale 


Bonneterre 


zone 
3 


DENSITY FROM SURFACE 
GRAVITY PROFILE 


Lamotte 
sandstone 


Precambrian 
granite 


felsite 
porphyry 


felsite 
basic dikes 


° Leadwood area e other areas 


O average value 


Fic. 3. Density distribution from rock samples and surface density profile. 


The densities obtained from diamond drill cores _ sity profile indicated a near surface density aver- 
of the rocks within the range of topographic re- age of 2.58. As previously discussed, the com- 
lief yielded an average density of about 2.65. parison of eight pairs of surface and underground 
However, the range of density values was large gravity readings yielded an average density of 
and the density of some of the more porous sam- 2.61. The comparison of surface and underground 
ples could not be accurately determined. A den- readings sampled a thicker rock section than that 


2.8 
27 
2.6 
2.4 
23 2 e 
70 
e 
2 O_le 
e 
‘ 
‘ 
e 
Oe o 
i 
° ° 4 
7 
e 
12 
e 
e 
° 
3 2 
° 
é 
ty 
iso 


TABLE I. DENsITIES DETERMINED BY COMPARISON OF 
SURFACE AND SUBSURFACE GRAVITY 


Formation Outcropping Density (gms./cm*) 


Derby-Doerun 2.61 
Bonneterre 2.60 
Bonneterre 2.62 
Davis 2.68 
Davis 2.58 
Davis 2.61 
Davis 2.59 
Bonneterre 2.62 


present within the range of surface topography. 
A density of 2.60 represents reasonably well the 
average rock density within the range of surface 
topography. Terrain corrections were computed 
for topography within a radius of 8,578 {ft of the 
station using Hammer’s (1939) terrain chart. 
All of the surface gravity observations are be- 
lieved accurate to 0.1 milligal. 

Figure 5 is a Bouguer gravity map of the area 
over the North Leadwood Mine. The map in- 
dicates a gradient of about 2.2 milligals per mile 
in a northeast direction. The regional gravity 
map of Missouri prepared by the Missouri Geo- 
logical Survey, based on gravity stations at ap- 
proximately ten-mile intervals, shows a gradient 
of about 0.7 milligal per mile northeast. The re- 
gional gravity will not be discussed in detail in 
this paper, but it is believed to be controlled 
principally by the Simms Mountain and Big 
River fault systems near Leadwood (Figure 1). 
The increased gradient at Leadwood is believed 
to be caused by the local buried Precambrian 
topography and variations in thickness of the 
Lamotte sandstone. 

The Leadwood and Schultz knobs show clearly 
as gravity maxima on this map. This would be 
expected since the thickness of the Lamotte sand- 
stone is probably not greater than 20 ft over the 
top of these structures. Actually, the gravity 
anomalies over these knobs are considerably 
distorted by the effect of mined-out areas. Both 
the Leadwood and Schultz knobs are associated 
with large ore bodies and consequently the lower 
Bonneterre formation is extensively mined-out 
over and on the periphery of these structures. 
The average stope height is 20 to 30 ft, but some 
stopes over the Schultz knob are 100 ft high. 
Using vertical cylinders (Nettleton, 1942) as an 
approximation to the mined-out areas, the maxi- 


UNDERGROUND AND SURFACE GRAVITY SURVEY 


163 


mum effect of stopes on the gravity values is es- 
timated at 0.3-0.4 milligals over the Schultz 
knob and 0.4—0.5 milligals over the Leadwood 
knob. For surface stations over other parts of the 
mine where large stopes are not present, the effect 
of drifts and small stopes was estimated at 0.1 
milligal or less. 

Because of the small areal extent of the surface 
and underground surveys and the uncertainty re- 
garding the regional gravity, no residual gravity 
map was prepared. 
THE UNDERGROUND GRAVITY SURVEY 

The 278 underground gravity stations were lo- 
cated at points in the mine previously surveyed 
by the St. Joseph Lead Company. The elevations 
are known to 0.2 ft. It was not always possible to 
maintain an even station distribution throughout 
the mine since many of the older stopes and 
drifts are inaccessible because of water. Where 
adequate gravity coverage was not sacrified, 
readings were taken in drifts rather than stopes 
because of the nature of the corrections for 
mined-out areas. 

Figure 4 illustrates the type of corrections 
necessary for the reduction of the underground 
stations. For the interval between the elevation 
of the station and sea level, the normal combined 
free air-Bouguer correction is computed for the 
height 4; and added to the gravity reading. The 
attraction of the mass above the underground 
station must also be added to the gravity reading 
at the station. If we assume for the moment that 
the surface of the ground is absolutely flat, the 
correction for the mass above the station is simply 
the Bouguer correction for a slab of thickness hz 
(Figure 4). Actually, the ground surface is not 
flat and a correction for topography must be 
applied to the underground station. For the 
topography above the Bouguer slab of thickness 
hy, a positive terrain correction is applied since 
the Bouguer correction does not compensate for 
this mass. For topography below the Bouguer 
slab, a negative terrain correction is necessary. In 
practice the elevation of the point on the surface 
vertically above an underground station was de- 
termined to +1 ft and in extreme cases to +2 ft. 
This was made possible by contouring the collar 
elevations of diamond drill holes carefully. The 
drill holes are normally at 100-ft intervals on the 
surface and frequently at intervals of 50 ft. The 
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Fic. 4. Nature of the corrections applied to underground gravity observations. 


corrections for surface topography were carried 
out using an extension of Hammer’s terrain cor- 
rection chart (1939) which was computed by Dr. 
Hammer in 1949 but not published. Corrections 
were computed for topography out to a radius of 
8,578 ft from the station. Unlike terrain correc- 
tions for surface stations, errors in the calcula- 
tion of terrain effects on underground stations 
are not cumulative, but tend to cancel, since mass 
above the level of the Bouguer slab is a positive 
correction, that below is negative. 

An alternative method of correcting for the ef- 
fect of material above an underground station is 
to compute the effect of all the mass above the 
underground station using only an extension of 
Hammer’s terrain chart and not splitting the cor- 
rection into a Bouguer correction for a slab of 


thickness /2 plus a terrain correction for the re- 
maining material. The “‘single correction method” 
is advantageous if considerable topographic relief 
or poor topographic control does not permit the 
accurate determination of fy, since a large error 
in hg causes a correspondingly large error in the 
Bouguer correction for a slab of thickness /2. The 
‘single correction method”’ has the disadvantage 
that errors in estimating the topography using a 
terrain chart are cumulative, not positive and 
negative in sign as when the correction is split 
into a Bouguer correction plus terrain correction. 

For mined-out areas below the elevation of an 
underground station in the mine, a positive stope 
or drift correction is applied. For mined-out areas 
above the level of an underground station, a nega- 
tive correction is necessary. The computation of 
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Fic. 5. Surface Bouguer gravity over the North Leadwood mine. 


the correction for mine drifts is somewhat sim- 
plified by the fact that drifts have a more or less 
constant cross-section and one dimension, the 
length of the drift, which is much greater than 
either of the other two. Most of the stations were 
located in drifts of sufficient length so that their 
length could be considered infinite. This allowed 
the use of a “two-dimensional” theory of attrac- 
tion. The correction for drifts was computed us- 
ing a two-dimensional dot chart or graticule. 


Corrections for mined-out areas of irregular 
shape such as stopes were made using Hammer’s 
(1939) terrain correction charts. The gravity sta- 
tion was accurately located on an appropriate 
mine map. A terrain chart of the same scale was 
placed over the mine map and the number of 
compartments of the chart that fell within the 
stope and the average height of the stope within 
each compartment was estimated. The North 
Leadwood Mine maps show mine back and floor 
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elevations in the stopes at sufficiently close inter- 
vals that the corrections could be computed with 
an accuracy of .03 milligal for stopes 20 to 30 ft. 
high. However, the calculation of the correction is 
laborious and less accurate than the correction for 
drifts. For these reasons, stations were located in 
drifts whever possible. In the Leadwood Mine, 
there is, for the most part, only a single mining 
level. Stopes and drifts were essentially on the 
same level with the underground gravity stations. 
The corrections for mined-out areas were con- 
siderably smaller than if the mine had been multi- 
leveled, with stopes and drifts above and below 
gravity stations. A consideration of the correc- 
tions on the underground stations indicates that 
the underground observations are accurate to 
approximately 0.2 milligal. The contour interval 
of 0.3 milligal was used on the underground 
gravity map so that a direct comparison could be 
made with the surface survey. A density of 2.65 
was used for the corrections for mined-out areas 
and a density of 2.60 used for the terrain correc- 
tions on the underground stations. Figure 6 is the 
Bouguer gravity map of the North Leadwood 
Mine observed underground in the Mine work- 
ings approximately 400 ft below the surface. The 
presence of the Leadwood and Schultz knobs is 
indicated by gravity highs of over a milligal. The 
anomalies over all the knobs are probably larger 
than shown by the map since gravity stations do 
not surround each knob to a great enough extent 
to outline the anomaly completely. 

Many of the small gravity trends agree in gen- 
eral with the Lamotte sandstone contour map. 
Some of the smaller anomalies cannot be corre- 
lated exactly with what is known concerning 
structure, but they are believed to indicate areas 
favorable for additional prospecting. An example 
is the southern part of the Schultz knob or ridge. 
The gravity map indicates an extension of the 
Precambrian ridge to the south and southwest. 
This particular area has not been diamond drilled 
as thoroughly as many other parts of the mine. 
This south and southwest trend shown on the 
gravity map does not agree completely with the 
structure contour map of the Lamotte sandstone. 
The Lamotte sandstone map indicates a slightly 
southeast trend of the ridge. 

The gravity nosing in the northern part of sec- 
tion 33 indicates a southward extension of the 
Switchback knob and a thinning of the Lamotte 
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sandstone in this area. This area south of the 
Switchback knob has been little developed as is 
indicated by the absence of drifts along the crest 
of the gravity high. 

Comparison of the surface and underground 
gravity map reveal several anomalies of interest. 
An example is the sharp gravity low on the sur- 
face map in the northeast corner of section five. 
This gravity low could be caused by the effect of 
mined-out area beneath it but calculations indi- 
cate that the stopes in this area are not sufficiently 
large to account for the entire gravity low. This 
feature appears as a gravity high on the under- 
ground gravity map. The most reasonable inter- 
pretation is that the anomaly is caused by a re- 
gion of low density material above the under- 
ground station. 

The Schultz fault has little, if any, gravity 
anomaly associated with it. At the southeast end 
of the fault there is a slight broadening of the 
gravity contours. The lack of a significant 
anomaly is possibly due to the transitional char- 
acter of the density of the 19-bed of the Bonne- 
terre formation, immediately above the Lamotte, 
and also, to the position of the gravity stations 
with respect to the fault. Many of the drifts 
crossing the faults are in the Lamotte sandstone 
on the upthrown (west) side of the fault. The 
drifts are inclined to the northeast so that, on 
crossing to the downthrown side of the fault, they 


again approach the top of the Lamotte sand- 


stone. The gravity stations traversing the fault 
are therefore in the Lamotte sandstone on the 
upthrown side, largely nullifying any anomaly. 

Comparison of the Lamotte sandstone contour 
map and the underground gravity map indicates 
that the sandstone contour closure over the Lead- 
wood knob probably does not represent the exact 
position of the igneous knob. The gravity anomaly 
is offset 800 ft west of the Lamotte sandstone 
contour closure. The gravity anomaly corre- 
sponds more closely to the center of lead mineral- 
ization over the Leadwood knob than do the 
sandstone contours. 

CONCLUSIONS 

This survey indicates the information that can 
be obtained from a surface and underground 
gravity survey even in a mining district where 
the structural features are rather small and the 
density contrast low. Because of the closely 
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Fic. 6. Underground Bouguer gravity in the North Leadwood mine, showing mined areas. 


spaced diamond drilling at Leadwood, the 


gravity map could be closely checked with the 


larger structures which were outlined years be- 
fore by diamond drill holes. Both the surface 
and underground gravity maps revealed all the 
large structures associated with ore bodies at 


Leadwood. In addition, the underground gravity 
map indicated numerous small trends which may 
or may not be associated with ore deposition that 
can only be verified by further diamond drilling. 

The two factors contributing the largest error 
to the underground gravity observations are 
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both the result of surface topography. These two 
factors are the vertical distance from the station 
to a point directly above it on the surface and 
estimation of terrain corrections from the avail- 
able topographic maps. Because of closely spaced 
surface diamond drilling, the surface topography 
was known to greater accuracy than would be 
possible in most mining districts. Only in a region 
of very low surface relief or in a deeper mine 
could the accuracy of an underground survey be 
appreciably increased. 

It is believed that in other mining districts that 
have not had the benefit of extensive diamond 
drilling, underground gravity surveys may offer 
a good reconnaissance tool for pinpointing areas 
of interest for drilling. An underground gravity 
survey in a deep mine has a very definite advan- 
tage over a surface survey since the accuracy of 
an underground survey increases as the effects of 
surface topography diminishes. Deeply buried 
ore bodies or structures may be below the resolu- 
tion of a surface gravity survey over a deep mine. 
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SOME ASPECTS OF ELASTIC WAVE PROPAGATION 
IN FLUID-SATURATED POROUS SOLIDS* 


J. GEERTSMA#f anp D. C. SMITT 


Abstract: Biot’s equations for the propagation of dilatational waves in fluid-saturated porous solids in the low- 
frequency range are analyzed for the purpose of application in geophysical research. The deformation constants 
of the system are unraveled in terms of compressibilities and porosity, and suitable approximate solutions for 
wave velocity and attenuation of the waves of both the first and the second kind are obtained. A saturated elastic 
porous solid is found to behave, as far as the wave of the first kind is concerned, approximately as a standard ele- 
ment. The wave of the second kind rapidly dies out with increasing distance from the source and consequently one 
might infer that in seismic studies only the wave of the first kind needs consideration. It is shown, however, that 
its presence has an effect upon the reflection and absorption at any interface between two different fluid-saturated 
porous solids. At such an interface a wave of the second kind is again generated. General formulae for the reflection 
and absorption for normal incidence at the interface are obtained, which include the effect of second-wave gen- 
eration. 

Additional results of the investigation are the following: A rather simple formula for the speed of sound in sedi- 
mentary rocks (the wave of the first kind) is obtained, which has to replace the so-called “time-average relation” 
now sometimes used. A comparison between the results obtained here and published results on wave propagation 
in simpler fluid-solid systems, such as, for instance, suspensions, showed some weak points in the older theories. 
Suggestions for possible improvements are given. 


LIST OF SYMBOLS (with index oc for in- 
b=p?/k large 
ch = bulk compressibility (abstract theoretical val- 
cy = fluid compressibility ues)) 


w=relative displacement of 


matrix compressibility 
fluid material normal to 


E=energy flux per cycle ’ 
e=absolute dilatation of interlace 


bulk material 
G,H, K, L, P, S,Q, R=elastic deformation con- 
stants 
G,=shear modulus of bulk 
material 
k=permeability 
l=propagation constant 
p=fluid tension 
g=quality factor 
t=time 
u=absolute displacement of 
bulk material normal to 
interface 
V=wave velocity (with in- 
dex 0 for zero frequency) ; 


x=distance travelled 

o=porosity 

a=absorption coefficient 

B=c, ‘Cb 

6=logarithmic decrement 

e=absolute dilatation of 
pore fluid 

¢=relative dilatation be- 
tween solid and fluid 

\= wave length 

fluid viscosity 

v= Poisson’s ratio 

p=density (the indices 11, 
12 and 22 correspond 
with those of the Biot 


* Paper presented at the Tenth International Congress of applied mechanics, Stresa, 31 August-6 September, 
1960. Manuscript received by the Editor September 1, 1960. 
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theory) 
o=hydrostatic stress com- 
ponent in bulk material 
w=angular frequency 
w, = characteristic angular fre- 
quency =p/kp 
V=Laplace operator 


A general theory of three-dimensional propa- 
gation of elastic waves in a fluid-saturated porous 
solid was presented by Biot (1956a). Since the de- 
velopment of this wave propagation theory it 
has been known that in a fluid-solid system, pro- 
vided both solid and fluid consist of a continuiim, 
two entirely different, coupled, dilatational waves 
are generated at a sound source. 

The basic equations describing such dilata- 
tional waves in a fluid-saturated porous structure, 
which on a macroscopic scale can be considered 
as isotropic and elastic, are according to Biot 


v2}(P + S)e + Qe} 
ug” 
(puié + pire) + 
ot" 
+ Re} 


(pi2e + — 


(1) 


In this set of simultaneous differential equa- 
tions e represents the absolute dilatation of the 
solid and ¢€ that of the fluid. For the meaning of 
the various symbols the reader is referred to the 
list at the beginning of the paper. The restric- 
tions on the validity of these equations are fur- 
ther: The wave length has to be appreciably 
larger than the largest dimension of the grains of 
which the porous structure is built up, and rela- 
tive movement between fluid and solid frame has 
to take place according to Darcy’s law of fluid 
flow through porous media. Also it is assumed 
that the effect of temperature variations due to 
dissipation of energy can be neglected. 

The scope of the present investigation is to 
present a more detailed analysis of the implica- 
tions of equation (1) for wave propagation anal- 
ysis in sedimentary rocks. 

To this end it appears to be more suitable to 
replace € by another dependent variable, the 
relative dilatation between solid and fluid 


— €). 


This variable also has already been introduced by 
Biot in another publication (Biot 1956b). The 
use of the dilatations e and ¢ instead of e and € 
as dependent variables in equation (1) leads, 
after some rearrangements, to 


V*(He — Kf) = — (pe — pit), | 


V*(Ke — Lf) 
(pie — — 
which H=P+S+20+R, 
Q+R 


= piu + + px, 


Piz + pre 
pi (6) 


p22 
Pe => . 


and 


The stress-strain relations are 


H — 


4 
-G)e— Ké, 
3 


p= Ke — Lf. (9) 
In the latter relationships ¢ is the ‘‘true” hydro- 
static stress acting on the solid skeleton and p the 
hydrostatic tension in the fluid phase. The dif- 
ference between o and is the “effective stress,” 
well-known in soil mechanics. 

P, S, Q and R, or G, H, K and L are elastic 
constants of the system. From earlier work 
(Geertsma 1957) it is known that without fluid 
compressibility effects for a macroscopically iso- 
tropic, homogeneous porous structure we may 
also write 


(10) 


e= 


—o)é (11) 


If we include the compressibility of the fluid pres- 
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ent in the pores in the expression for ¢, equation 
(11) changes into 


f= — — (1+ der + bei} p 
+ (co Cr)G, 
while equation (10) remains the same. Thus, ac- 


cording to (10) and (12) the stress-strain relations 
are also given by 


| =| 
+. - e 
(1 B)c, + Cr 


1-8, 
(1 — — + oe; 
mre 
(i Ba + 


where the abbrevation 8 =c,/c, is introduced. 
This notation (8a) and (9a) has the advantage 
that the deformation properties of the system are 
now expressed in terms of compressibilities o, 
cy and c; and the porosity ¢, which are familiar 
properties of a porous system. Comparison be- 
tween the two sets of stress-strain relation leads 


(12) 


(9a) 


to 
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where v represents Poisson’s ratio, one gets from 
an average value of y=0.2 for rocks: 


4 


Cr Cr 


It is of importance to note that from equations 
(8) and (9) or (10) and (12) the four ‘“‘“Maxwell- 
relations” for the porous system are easily de- 
rived: 


(4) 
0e/ 


: 
1-(1+¢)8+¢— 


Cb 


Relation (18) is the Betti-Raleigh reciprocal rela- 
tionship used by Geertsma (1957) to arrive at 
(10) and (11). 
The frequency equation 
If we now turn to propagation of a plane dilata- 
tional wave of the form 
e = Crexp [j(wt — Ix)], 
¢ = Coexp [j(wt — /x)], 
the equations (1a) after substitution of e and ¢ 
provide the frequency equation 
— 1) (y: — 20K) 


_we\ | = 0. (20) 
— 20K) (ous 


Here z is introduced as a variable defined by 


H 
where V,? = — - 
w? p 


For the sake of shortness the dimensionless ratios 


(8a) 
1-8 
= 
(2 ) ( 
Cr 
(1 — @ — B)e, + de; 
and 
(1 — — Be, + de: 
| 
3 
can be replaced by V2 
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and 


We 


w 
are introduced. 
Approximate solutions of the frequency equation 


From 


Re (z) + j Im 


= [Re (J) + jIm ())|?- 


it follows that 


Im (z) 


(21) 
Re (z) 


where 


9 


Ve 
Re (z) = [Re? (J) — Im? (J) ] — 


one derives that 
4q7 — 1 
4q° Re 


6 is the logarithmic decrement, which in turn is 
equal to the product of wavelength A and attenua- 
tion coefficient —Jm(l). From the relations (21) 
and (22) one concludes that for not too small 
values of the quality factor, say g>5, which al- 
ready represents an enormous damping, the ap- 
proximate relations 


Im (z) 1 


Re (z) q 


(21a) 


and 
22a) 
eee ( a 
Re (z) 
will hold. 
The frequency equation (20) is further of the 
type 


a*z? — bz +1 =0. 
The solution of this equation is well known: 


1/6 
41.2 = — + 1 
a \2a 4a’ 
The solution with the — sign gives the propaga- 
tion properties of the wave of the first kind and 
that with the + sign those of the wave of the 
second kind. 

Fortunately it can be shown that for most 
porous rocks }/2a>>1. As long as this is the case, 
approximate solutions for z are given by 

1 b 

and 22 — 

a* 
(compare with de Josselin de Jong (1956)). This 
solution leads immediately to the following values 

for 2: 
We 


(Ye + — — j 


(ve + o1 — 2y10K) — 
(24) 


9 
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For the first plane dilatational wave the condi- 
tion g>5 is certainly fulfilled and the approxi- 
mate relations (21a) and (22a) hold. Therefore, 


(Yet or— 210K) + 
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7 
K 7 
H 
p p H 
2 
= 
1— 4g 
T 
q = quality factor = 
6 Im (/) 
From “1 We 
We 
H 
p 
c 
w 
2 
We 
Pir 
‘edie 
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and 


We 
1 w 
(26) = 
q1 


We 2° 
From equation (25) it is easily seen that for w0 


V 10? 
p 


(27) 


while for 
H + o1 — 
p 

Lp + Hp. — 2pi.K 


PPc 


(28) 
— pi 


Thus it appears possible to rewrite equation (25) 
in the form 


+ Vu ( 


(25a) ie = 
9 We 
loo” J 10° 
Aw 
if 
— pr” 
p? 
while furthermore 
1 
qi 
V ia? — 1 
(26a) 


w\ 
Aw We 


From these equations (25a) and (26a) it follows 
that the behavior of the material as far as the 
wave of the first kind is concerned is very similar 
to that of a standard-element, i.e. an auxiliary 
spring in parallel with a Maxwell-element. This 
result is not too surprising as Freudenthal’s 
treatment of “homogeneous relaxation” in the 
Encyclopedia of Physics (Freudenthal 1958), 
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under which heading the behavior of the wave 
of the first kind can be classified, leads to a de- 
scription by a standard element too. 

The same procedure cannot be followed for the 
wave of the second kind, as here in general the 
damping is very large. However, as long as 


w/o. K1: 


This leads to 


/ULH — K*) 


-—y, (29 
pH We 


and 


gz = or = 2r. 


(30) 


This value of g2 (and 62) means that on the right- 
hand side of equation (1) the second terms are 
dominating and the solution of the wave equation 
degenerates to that of a diffusion equation. 

This corresponds with results already obtained 
earlier by Biot (1956a) and also with de Josselin 
de Jong’s equation for the second dilatational 
wave (de Josselin de Jong, 1956). 


Comparison with earlier theoretical results 


The results obtained above can be considered as 
a generalization of those of other investigators on 
the theory of wave propagation in two-phase sys- 
tems. Most of the published work is related to 
suspensions. In such systems the compressibility 
and G,=0. Thus, 8=0, and accordingly 


1 
(1 — + 


Furthermore, no attention has in general been 
paid to mass coupling effects; for comparison 
with these studies we will therefore also put 
pi2=0. 

Under these conditions there is only one dilata- 
tional wave, as LH — K?=0. In equation (25a) we 
now have 


H 
p 
(27s) 
= 4s 


22 

2 

) 

i- 
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Lp + Hp. — pik 


9 


PPc 


@¢ (1-9) 
Pl Pr 


(28s) 


while 
Pipr i— 
[lo(1—%) + pel? 


Equation (27s) is Wood’s formula (Wood 1941) 
for the speed of (dilatational) waves in suspen- 
sions. Whether Wood’s formula or equation (28s) 
has to be used for a suspension depends clearly 
on the frequency applied, or, more exactly, on 
the value of Aw/w,. As the latter depends on 
porosity, which corresponds to one minus con- 
centration in suspensions, Wood’s formula is 
valid only at such low frequencies that for all 
concentrations investigated the value of Aw/a, is 
very small compared to unity. 

The mobility, which occurs in the expression 
for w,, is rather difficult to estimate for suspen- 
sions. Perhaps it is most convenient to derive this 
mobility from low-frequency measurements of 
the damping. According to equation (26a) for 
low values of Aw/w, 


(1 — ¢) 
We op 


1 


PrPl 


(31) pe + — 6) - 


p 


The applicability of this formula depends on 
whether mass-coupling effects in suspensions can 
be neglected or not. It is beyond the scope of this 
investigation to discuss this point. 

Ament (1953) presents a formula for the speed 
of sound in porous media, which turns out to be 
results. Ament’s 


equivalent with the above 


notation reads: 


where c* is the “effective compressibility” and 
p” the “effective density.” c’ is taken equal to 


c(1—@)+c@ and the effective density is thus 
pz. From the suspension-theory developed above 
we derive 


k 


p2=p— (32) 


— (1—4)| 


This is the same result as obtained by Ament, 
though comparison requires a change in nota- 
tion.! Ament’s notation is more general in one 
respect, since it allows for taking into account a 
more general flow equation for the continuous 
fluid phase than used in the present treatment. 
The reason that the present study has been re- 
stricted to a Darcy type of fluid motion is that in 
the porous sediments usually encountered the 
value of Aw/w, remains rather small, even for 
the large values of the frequency used in velocity 
logs, owing to low fluid mobility values. This, 
however, does not always hold for suspensions. 

That Ament’s treatment failed to explain elas- 
tic wave propagation in compacted ocean sedi- 
ments, was shown by Laughton (1957). For such 
media it is not allowed to take «= 2. However, 
here the matrix material may be considered as in- 
compressible, so c-=0. This assumption is also a 
very familiar one in the theory of clay consolida- 
tion. The elastic constants for this particular 
case read: 


while, if it is further assumed that for clay-type 
sediments Poisson’s ratio of the skeleton »%=3, 
we can moreover write 


H 


For this situation we have 


1 
Vio? = os (33) 
which is identical with Laughton’s velocity for- 
mula. The expression 


1 Ament’s filter permeability H equals —(k/p) here. 


174 
and 
je 

1 1 

9 1 
2 

Cf 


ASPECTS OF ELASTIC 


ocr + Cr 


is Laughton’s “structure bulk modulus.’’ The 
derivation of the corresponding values of Vi, 
and 1/q10 is left to the reader. 

Gassmann’s ‘‘compressibility of a porous closed 
system” (Gassmann 1951) results from the pres- 
ent theory, if one considers three-dimensional 
instead of plane dilatational waves, since for this 
case it is found that 1/H is replaced by 


— 
— 


cy) + — C,) 


(34) 
Cr) + — 


This is identical with van der Knaap’s expression 
for this compressibility (van der Knaap, 1959). 

In the literature on sound absorbing materials 
the rigid frame theory is extensively treated 
(Zwikker and Kosten 1949, Morse 1952). The 
assumption of a rigid skeleton means that we 
must put in the general theory c-=c,=0 and 
8=1. This implies that 


H =o, K = 0, 
Of the basic equations (1) only the second, related 
to the movement of the fluid, is now significant. 
As for a rigid frame e=0, we obtain for this par- 
ticular case 


1 Oe 
-V%e = op.— 
Cl or k ot 
This leads immediately to 
1 ) 


9 
| 1 

pe) 
There is only one plane dilatational wave, but 
contrary to the cases treated above this is now 
the second wave. Its wave velocity and at- 
tenuation for small values of w/w: 


2 w 1 
- and = 
We 


| 


follow from the equation for ¢, but also from 
equation (29), after insertion of the appropriate 
values for the elastic constants. These relations 
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are equivalent with formulae obtained by 
Zwikker and Kosten and by Morse. From this it 
follows that the sound absorption of porous walls 
is based primarily on the properties of what we 
have indicated as the wave of the second kind. 
As a result it must be concluded that at low 
values of w/w, the damping of materials such as 
acoustic plasters, wood fibre and the like is satis- 
factorily described by a diffusion type equation. 


The influence of the wave of the second kind on re- 


flection at the interface between dissimilar fluid 


saturated porous media 


Though in porous rocks the wave of the second 
kind can hardly be detected at some distance 
from the wave source, its existence cannot be en- 
tirely overlooked, as it must lead to absorption of 
a part of the total input energy. It has also been 
shown above that the wave of the second kind is 
the main cause of sound absorption by rigid 
porous walls. This suggests that a wave of the 
second kind is not only generated at a wave 
source, but also at any interface between dis- 
similar fluid-containing rocks. One is strengthened 
in this belief by Lessen’s work in a closely related 
field of research, viz. the behavior of thermo- 
elastic waves in solids at an interface (Lessen 
(1956)). Lessen states: “If it is considered that 
the incident wave is of one family (that is, if the 
interface is far away from the source), then it is 
necessary, in order to satisfy the boundary con- 
ditions at the interface, that the reflected waves 
be of both families and the refracted waves be of 
both families” (Lessen, Loc. cit.). For this reason 
the propagation through the normal interface be- 
tween dissimilar fluid-saturated porous rocks of 
plane dilatational waves needs examining. This 
will elucidate the role of the wave of the second 
kind in some more detail. 

We shall assume two different semi-infinite 
porous fluid-saturated media, in contact with 
each other, and indicate the wave properties of 
the second medium with an accent. The two 
media have a common interface at x=0. The 
source is situated in the first medium and here 
there will be an incident and a reflected wave. In 
terms of displacements one obtains for the solid 


u; = Ay, exp j(wt — 1x) 
(36) 
+ Ao; exp j(wt — Ix), 


: 
i 
1 
\ 
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u, = Aj, exp j(wt + 1x) the wave equations (la) themselves. They are 
+ As, exp j(wt + By, Bi, H(z, — 1) 
= =m, (48) 


and for the relative displacement of the fluid Al 4 : pl 
2iK — H 
= By; exp j(wt — p 
+ Bs; exp j(wt — /2x), 2 H(z: — 1) 
= By, exp j(wt + lx) 


Bo, exp + lox). 


(37) 


(38) 


(39) 


In the second medium we have a sum of waves 
penetrating into it: 
° 
= Aj’ exp j(wt — 1;'x) 
(40) 
+ A2’ expj(wt — 
w’ = By’ exp j(wt — 1;'x) 


(41) 
+ By expj(wt — 1y'x). 
The indices 1 and 2 indicate the waves of the first. The jnitial condition depends strongly on the 
and the second kind, respectively. way of loading at the source, but if xo indicates 
The corresponding dilatations follow from the distance between wave source and the inter 
an ae face we know that the ratio A2;/A1; decays pro- 
and {= portional to 


Ox Ox 
exp[xo} Im (—1,) — Im (52) 


'r = fluid velocity in the pores). 


The four remaining equations are obtained by the 
boundary conditions at x=0: 


jl Ay; exp j(wt — hx) a. for the solid displacement 


exp j(wt — lex), 
Jui Ay, exp j(wt + 1x) b. for the relative fluid displacement 
2, exp j(wt + lox), W+w=w=w’; 
jl Ay’ expj(wt — h’x) . for the normal solid stress 
Jie’ Ao! exp j(wt — 

— By, exp j(wt — 
x) d. for the fluid pressures 

= exp (wl = lox), p 

(46) + jl, exp j(wt + 1x) 

Capillary pressure differences are neglected. 
exp J(wt + lox), 

From these boundary conditions it follows that 

— jl By exp j(wt — at x=0 

— exp j(wt — (Ari + + (Aoi + = Al AY, 


In this way 12 unknown amplitudes A and B or (Bi; + Bi) + (Bo; + Bo) = By’ + Bo’, 
11 unknown amplitude ratios are obtained. So 11 4 \) 
equations are required to find these amplitude ee Bre) + 1o(Bo Bar) 
ratios, Six of these equations can be derived from — Ary) + Axi — 


(47) 


ig 
f 
= ma, (49) 
Z2 
at 
S 
0 
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= + H’(h’ Ay! + ly’ A 2’), So for this situation one obtains 


Li — By) + Bai — Boy) } m, ~ my’ ~ 0, (61) 
— K{l(Au - + — H | 
= + Be’) — K'(ly'Ay + hh’ Ay’). 
(62) 
After introduction of the relations (48) through P H 
(51) one obtains the equations in terms of A’s == K’ | 
only: Furthermore, 
(57) (Ay; + + (Ao; + A>,) A,’ + Ay’, / p 
+ Ase) + Aoi + (63) 
(58) = Ay’ + m2’ Ad’, 
and 
Kh Ai, = A1,) + Ao; A»,)} 
15) 1»,)} ly = (1 — / — + 
= Aa — Ao, = — JIMA, 


A + 9’) 
H' (1! Ay’ + ly’ Ay’), 


amplitude equations to 
Lh lym\( Aj; Ai) Aoi — Ax,)} 


(Aas + Air) + + Ace) 
— Kjl( Avi — Av) + (Axi Ao,)} 


(60) HK"( Ax; + A2,) 


— K (1, Ay + ls A»). LH K?)(Ao, Ais 


The introduction of (61) and (62) reduces the 


A + A,’, 
H'K AY, 


For values of w We much smaller than unity, for = — K"2) Ae! — 
which the theory is best suited, we know already 
that to a first approximation From this we derive that 
(1 i’ + (1 (65) 
HK’ 
H’ 1,’ H'K 
(1 = ) A + 1 = Ad’, (66) 
H 1, HK’ 
kK’ “(1 K’ (1 
K ls HK’ K H'K 
- — — Aj’ + — | Ae, (67) 
(1 (1 ~) HK’ 
K2 K? 
H'K 
HK’ 


The set of equations (65) through (68) together 
with the initial condition is the complete answer 
and of our reflection problem. However, it is common 
practice to express the result in absorption or re- 
flection coefficients instead of amplitude equa- 
tions. 


1 
= 
= 
= 
& 


178 J. GEERTSMA AND D. C. SMIT 


Determination of absorption coefficients 


The potential energy per unit volume of the 


system is given by 
(69) ce — 
and the potential energy flux is 


(70) 


The energy flux per cycle thus amounts to 


(ce — 


t+2r/w 
(71) E= (Ge — pr)Vadt. 
J 


With exp j(wt—/x) and w= B exp j(wt—Ix) 
the real value of the energy flux per cycle (£) is 
given by 


(72) Re (/)| A — 2K Re (m)4+ m? ||. 


Approximately, for the waves of the first kind 
m,=my,'=0, so 
(73) E, = pH| 

while for the waves of the second kind m.=H/K, 
and accordingly 


- 


(74) pH(LH — 


! 


The values of | A,|? and | Ae|? can be derived 
from equations (65) through (68). The results 
obtained can thus be expressed in terms of an 
absorption coefficient, defined as the ratio of 
energy flux T penetrating into the second medium 
and incident energy flux £1. For small values of 
w/w, and a source at not too small a distance from 
the interface (4»;/A;;~0) it follows that 


9 


= rwV/ pH | 


Er, | Aa 


H’ 
Er, = 


kK” 


1 
W p H'(L’H’ — K"*) 


The absorption coefficient is defined by 


_ Er, + Er, 


From some special cases the solution can readily 
» given in a closed form. Examples are 


the solid-against-solid case; 

the impermeable solid against a permeable 
fluid-containing porous medium, and 

a fluid against a permeable fluid-containing 
porous medium. This is in principle the 
Zwikker and Kosten problem of sound absorp- 
tion by porous walls. 


The ordinary solid-solid case 
For the solid-solid case equation (65) through 
(68) reduce to 
LH’ 


Ai, 
LH 


and 
H’ 


At 
LH 


as A»=0, while 
hH = w/pH 
for pure solids. For this system the well-known 
expression for the absorption coefficient at the 
interface is obtained: 
LH — 


(76) 
LH + 


. 
rio 
| A 2 . 
| 
So 
, / We rio 
a= 
j pl 
—— 
be 
Cc. 
an 
Al 
: | { 2 
= 
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b. Animpermeable solid against a fluid-containing 


permeable porous solid. 


If an elastic wave passes through an interface 
separating a non-permeable solid and a fluid 
saturated permeable porous solid a somewhat 
analogous situation as considered above is met. 
Let us assume that the first medium is an im- 
permeable solid. Then 


m, = 0, mz = 


So we have 
(Aq; + Aq) + (Ao; + 
A»; + Ao 0, 


and 


Accordingly again 


1 Hy’ 
Ay, = (1 
2 LH 


1 Hy’ 
2 


and the result is analogous with the ordinary 
solid-solid case, with the exception that now H! 
represents the total compressibility of the fluid- 
saturated porous medium. Again 


LA + 
No second wave is generated at an interface of 
which impermeable 


(76) a= 


two media of one is 


(A,'= B,'=0). 
c. A fluid against a permeable porous fluid sat- 
urated material. 
If one of the two media is a fluid, and if this is 
the first medium, the situation at the boundary 
is quite different. Now 


H=K=L=1/c. 
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Furthermore, 
Ax; — Bx =0 and Ao, — Bo, =0 
With 
Ai; — By; = D, 
and 
Ay — By, = Dz, 


one obtains 


H’ 
Dd, Dz — A,’ (1 ) ay, 


L'H’ 
kK” 


and the absorption coefficient reads: 


= K'l,’ Ay’ + 


Dz |? 
dD, 
with 
1 
D, (1+ ) 
2 Hl 
H’ \? 
A,’ 
K" 
and 
1 | 
Hl 
H'\? 
= (77) 


UH\ 
(1 jy 
K” 


In acoustics, the assumption that the porous 
skeleton is entirely rigid is allowed for many 
sound-absorbing materials, which means that we 
may put 


3 
p 
H 
Ay, 
H'l,' 
Ai; Ai, = Ay’, 
A,’ = 0. 
Ai, = 
1 
al 
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lf — — - 
2L’ w 


For this situation the equation for the absorption 
coefficient reduces to 


Hl — L'l,! |? 
|} Hl + | 


— 1,’ |? 
(78) 
| ol + 


(compare with Zwikker (1950)). 
As 


1,’ 


We 
taking a = 
we have 
(gl + a) — ja| 
(¢l — a)? + a? 
@l+ 


And as a>¢l, 


/wkpid 
24/ 


(79) 


Remembering that 
/ 
we can write for the relationship between sound 


absorption coefficient and wave velocity in the 
absorbing material 


(80) 


a= 2’. 


DISCUSSION 


One of the outcomes of this investigation was 
a better picture of the significance and the in- 
fluence of the so-called wave of the second kind 
on the propagation of stress waves in an elastic, 
porous, fluid-saturated material. We have dem- 
onstrated that such a wave is generated at any 


interface between dissimilar fluid-saturated por- 
ous media and also at any interface between a 
fluid and a fluid-saturated porous medium. The 
latter case has already been met in the theory of 
sound absorption by porous walls in acoustics. 
But though in the theory of sound-absorbing 
porous walls the wave of the second kind is the 
main cause of the sound absorption, its role in 
seismics will in general be rather small. The rea- 
son for this is that if the fluid is a liquid, and the 
porous material is a sedimentary rock, the mobil- 
ity of the pore content becomes small. 

We have also found the basic relationship be- 
tween dilatational wave velocity on the one hand 
and the compressibilities and densities of the com- 
ponents of a fluid-saturated porous medium on 
the other hand. This relation is a function of fre- 
quency. In seismic work the theoretical solution 
for zero frequency will roughly represent the 
correct wave velocity. 

Some years ago Wyllie et al (1956) suggested 
an equation for the wave velocity in a fluid- 
saturated porous material, the so-called ‘‘time- 
average relation,’ based on the dubious assump- 
tion that the porous medium can be replaced by 
a series of alternating solid and liquid layers, 
which the wave front passes perpendicular to the 
interfaces between both phases. Surprisingly this 
relationship, when applied to sonic-log interpreta- 
tion, predicted a porosity value which was be- 
lieved to be close to reality in many sandstone 
reservoirs. As a result a series of engineering 
publications followed in which this time-average 
relation was applied to different situations for 
which it had to be extrapolated beyond propor- 
tion. There is of course nothing against the use of 
an engineering formula based on an over-simpli- 
fied model, as long as such a formula is of help in 
obtaining valuable data. But the frequent use of 
the time-average relation has surrounded it with 
an aura of scientific truth. Also, the danger 
existed that research on this subject should be 
guided in the wrong direction. For instance, the 
time-average relation entirely neglects the im- 
portant role of the bulk deformation properties 
of the rock material, which are pressure-depen- 
dent. The present theory tries to restore the right 
perspective by clearly showing the proper con- 
tribution of each of the elastic properties of rock 
matrix, rock bulk material and pore fluid to the 
wave velocity. According to this point of view, 
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the main subject of research has to be the study 
of the influence of porosity, grain size distribu- 
tion, grain cementing material etc. on rock bulk 


compressibility. These data can be obtained both 
from static and from dynamic loading tests. 
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QUANTITATIVE INTERPRETATION OF GAMMA-RAY LOGS* 


SCOTT 1 2. DODD, DROULLARD,? J. MUDRAT 


Abstract: A quantitative method for determining the concentration of gamma-ray emitting elements in layered 
rocks penetrated by boreholes has been developed by the U. S. Atomic Energy Commission. It is based on the 


relationship 
GT = ef Idz 


where G is the mean thickness 7, & is a constant of proportionality, and / is the intensity of the gamma-ray field 
along the borehole axis at a distance z from a fixed point of reference on the axis. This relationship has been con- 
firmed theoretically and empirically. 

In application, the grade-thickness product of a mineralized zone intersected in the borehole is determined by 
multiplying the area under the gamma-ray log curve by a constant of proportionality. The mean grade of the zone 
is determined by dividing the grade-thickness product by the zone thickness. Corrections applied for nonstandard 
conditions in the borehole reduce the data to equivalence with standard calibration conditions. Because the volume 
sampled in this logging method is significantly larger than that of core samples, the resulting data are more repre 


sentative than data from chemically-assayed core. 


INTRODUCTION 

One of the responsibilities of the Division of 
Raw Materials of the U. S. Atomic Energy Com- 
mission (AEC) is the determination of current re- 
serves of uranium ore in the United States. When 
the uranium mining industry was in its infancy, 
chemical assays of drill core samples provided 
most of the data from which uranium ore reserves 
were calculated. In recent years core data have 
been largely replaced by grade and thickness in- 
formation derived from gamma-ray logs of non- 
cored holes, resulting in lower exploration cost. 
With the development of improved equipment 
and interpretive procedures, accurate interpre- 
tations of gamma-ray logs are now possible. 

Various gamma-ray log interpretive procedures 
have been described by Broding and Rummer- 
field (1955), Suppe (1957), and Droullard and 
Dodd (1958). The present paper describes an in- 
terpretive procedure based on the same principles, 
but incorporating certain improvements over the 
procedure reported by Droullard and Dodd 
(1958). Although the method has been applied 


specifically to uranium deposits, the principles 


‘ upon which it is based are generally applicable to 


deposits of other elements which either emit 
gamma rays or are quantitatively related to 
gamma-ray emitters. 


BASIC PRINCIPLES 


The interpretive method is based on the pro- 
portionality between the corrected area under the 
log curve and the product of the mean grade and 
thickness of the layer of radioactive material. This 
relationship is expressed by the equation 


(1) 


where G is the mean concentration of a radioac- 
tive element by weight, T is the thickness of the 
layer containing the radioactive element, k& is a 
constant of proportionality, 7 is the intensity of 
the gamma-ray field at a point on the borehole 
axis, and g is the distance between this point and 
a fixed point of reference on the axis. 


* Presented at the 29th Annual Meeting of the Society of Exploration Geophysicists, Los Angeles, California, No- 


vember 11, 1959. 


+ U.S. Atomic Energy Commission, Grand Junction, Colorado. 
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STEEL PIPE which simulate boreholes drilled through ura- 
fF nium-bearing rock layers. Figure 1 shows a cross- 
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Kic. 1. Calibration model. 


For practical application the equation has been 
expressed as 
G,T = kA (2) 
where G, is the average radiometric grade of ura- 
nium ore, expressed in percent equivalent U3;03 by 
weight, 7 is the thickness of the ore zone in feet, 
k is a constant of proportionality determined by 
instrument calibration, and A is the corrected 
area under the gamma-ray log curve. 
The validity of the method has been demon- 
strated empirically by using full scale models 


section of one of several models constructed by 
the AEC for testing and calibration purposes. 
Each model contains cemented layers of barren 
sand and crushed uranium ore. The mean radio- 
metric equivalent grade and the thickness of each 
layer is known accurately. Gamma-ray logs have 
been obtained in each model and the area under 
the anomalous part of each log curve has been de- 
termined and plotted against the known grade- 
thickness product of the corresponding ore zone 
as shown in Figure 2. In this figure each point 
falls within 3 percent of a straight line drawn 
through an average value and the origin. This 
substantiates the proportionality between the 
area-under-the-curve and the grade-thickness 
product. 

Further corroboration has been obtained by 
using gamma-ray logging data from natural ura- 
nium deposits, an example of which is given in Fig- 
ure 3. In this figure the areas under the log curves 
are plotted against grade-thickness products de- 
termined from corresponding core samples. The 
scatter of the points can be attributed largely to 
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Fic. 2. Gamma-ray logging data from calibration models. 
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the inhomogeneity of natural uranium ore. In 
comparing the core data to the gamma-ray log 
data, it should be remembered that physically 
different volumes of rock are sampled in each 
case. Considering the inhomogeneity of the ma- 
terial, a perfect correlation would not be ex- 
pected. It is significant, however, that a rather 
good correlation exists, and that the average area 
under the curve, when plotted against the aver- 
age G,T, falls on the calibration line derived using 
the models. An important advantage of gamma- 
ray logging over core sample analysis is that the 
volume of material ‘‘sampled” by the gamma-ray 
detector is larger, and hence more nearly repre- 
sentative, than the core sample. 

The equation G,T=kA can be justified the- 
oretically as follows. The intensity of a gamma- 
ray field at a point of measurement separated 
from a point source of gamma rays is given by 


B(ux) 


(3) I, 


where J, is the intensity of the gamma-ray field at 
a point of measurement, J, is the initial gamma- 
ray intensity at the point source, u is the linear 
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Fic. 3. Gamma-ray logging data from a uranium deposit compared with calibration from models. 


absorption coefficient of the environmental me- 
dium, and x is the distance between the point 
source and the point of measurement, of the 
gamma rays. In equation (3) the term e+” ac- 
counts for the absorption of gamma rays by the 
environmental medium. The function B(ux) is 
the so-called buildup factor, which accounts for 
the buildup of gamma-ray intensity due to scat- 
tering. The term 472? is an expression of the in- 
verse square law. 

Since gamma rays emanating from a differen- 
tial volume can be assumed to duplicate the effect 
of gamma ray: emanating from a point source, the 
point source may be replaced with a differential 
volume, dV. If the material of which dV is com- 
posed is uranium ore, the initial intensity of 
gamma rays, J,, is proportional to the weight, 
dW, of U3Os present in the differential volume; 
that is, 


I, = cdW (4) 


where ¢ is a constant of proportionality. 

Since the radiometric equivalent grade of U30s, 
Gy, is to be determined as a percent concentration 
by weight, 
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Fic. 4. Differential volume dV ina 
cylindrical coordinate system. 


dW 
(5) = 100 — 


where p is the density of the ore. Upon solving 
equation (5) for dW, and substituting the result 
foi dW in equation (4), we obtain 


cpdVG, 


(6) 
100 


A differential equation for the intensity result- 


POINT OF 


ing from the differential volume can now be de- 
veloped from equations (3) and (6): 


cpG, 
100 


(7) 


If the differential volume and a point of meas- 
urement are placed in a cylindrical coordinate 
system, as shown in Figure 4, the dimensions: 
rd0, dr, and dT can be assigned to dV. 

Thus dV =rdrdédT, and by substitution equa- 
tion (7) becomes 

v 
100 4x? 


From the geometrical relations shown in Figure 
4, Therefore, 


=-— ydrd0dT. (9) 
100 + 2°) 


A slab of uranium ore of dT thickness, having a 
circular hole concentric with the vertical axis, is 
shown in Figure 5. At a point on the vertical axis 
the gamma-ray intensity J, resulting from the slab 
can be determined by integrating the element of 
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Fic, 5, Gamma-ray intensity from slab source, thickness=d7. 
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volume around the axis from 6=0 to @=27, and 
outward from r=ro (on the edge of the hole) to 
r= oo, Thus, 


100 Je Jr, 


Biwy/r? 


4r(r? + 2°) 


(10) rdrdé. 


Equation (10) can be evaluated numerically. 
For the purposes of this development it is only 
necessary to state that after integration the inte- 
grand of equation (10) becomes a function of 7, 
z, and yp, and 


(ro, 


(11) I, = 
100 


If calculations of 7, are made at every point 
along the vertical axis, and J, is plotted versus 2, 
the result will be a curve which is analogous to a 
gamma-ray log anomaly resulting from a slab of 
uranium ore of thickness dT, as shown in Figure 6. 
The area under this curve, A,, is given by 


(12) 


and by substituting the value of J, given in equa- 
tion (11), 


cpG,dT 
(13) A, ~f u)dz 

100 
Upon integration the integrand of equation (13) 


reduces to a function g(r, w) so that for simplicity 
equation (13) may be written 


(14) A, G,dTpg(r., 


Equation (14) indicates that the area under 
this simple curve is proportional to the radio- 
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Fic. 6. Gamma-ray intensity curve from 
slab source, thickness=d7T. 
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metric equivalent grade of the uranium ore times 
its thickness, dT, as long as pg(7o, w) remains un- 
changed. Although in practical application the 
numerical value of pg(ro, w) may change, propor- 
tionality between A, and G,dT can be re-estab- 
lished by applying appropriate corrections for the 
variable borehole conditions which cause the 
change. These corrections will be discussed later. 
It should be noted that the preceding equations 
represent an environment consisting of only one 
medium. For a more perfect analogy, equations 
could be developed which would take into account 
the absorption and buildup of gamma rays pass- 
ing through several media (e.g., rock, borehole 
fluid, and metallic probe housing). However, such 
equations would differ from those presented only 
to the extent that the absorption and buildup 
terms would be more complex. The general form 
of the equations would not change, and the pro- 
portional relationship between A, and G,dT 
would exist as long as the required corrections 
were applied for variable borehole conditions. 

A uranium ore zone in stratified rock can be 
considered a layered series of d7-thick slabs. If 
vertical homogeneity does not exist, each slab is 
characterized by a discrete grade. If separate 
curves of 7, versus z are plotted for each slab in 
the series, and these curves are placed in their 
natural juxtaposition, a total intensity curve can 
be obtained by graphically summing all of the 
overlapping individual curves, as shown dia- 
gramatically in Figure 7. The area A under this 
total intensity curve is given by 


A« G,,dT + Gy2dT + G,;dT (15) 


or, more generally, 
A « GT (16) 


where G,;, G2 and G,3 are the discrete grades of 
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Fic. 7. Gamma-ray intensity curve from 
slab source, thickness= 7’, 
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the individual slabs, G, is the mean radiometric 
equivalent grade of all individual slabs, dT is the 
thickness of each slab, and T is the combined 
thickness of all slabs. Thus, G/T =k4A, as previ- 
ously stated. 
CORRECTIONS 

The validity of the equation G,T =kA depends 
upon the proper application of corrections for 
instrument nonlinearity and for variations of 
physical conditions existing in the vicinity of the 
borehole. For the instruments used by the AEC, 
the only significant nonlinearity results from the 
inherent in all electronic 
counting equipment. The true counting rate, 
corrected for resolving-time loss, is given by the 
well-known formula 


resolving-time loss 


- 
1— nl 


where N is the corrected counting rate, m is the 
observed counting rate, and ¢ is the resolving 
time of the instrument. 
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In order to avoid the monotony and human 
error which can result from repeated solution 
of this formula, we have developed transparent 
overlay graphs which are placed over gamma-ray 
logs to be interpreted. One such overlay graph is 
shown in Figure 8. These overlays are designed 
so that corrected counting rates can be read from 
the logs directly, using the nonlinear scale of the 
overlay. 

Corrections are made for variations of physical 
conditions existing in vicinity of the borehole. 
These corrections reduce logging data to equiva- 
lence with standard conditions in full-scale cali- 
bration models previously described. No correc- 
tion is made for dry bulk density, as mathematical 
approximations and empirical tests indicate any 
effects are less than experimental errors. Physical 
conditions subject to significant variation and the 
corresponding AEC standard conditions are 
given in Table I. 

The numerical values of correction factors for 
the first four conditions can be determined semi- 
empirically by using full scale models. These 
correction factors depend, in part, on the spectral 
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Fic. 8. Resolving time correction overlay. 
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TABLE I. BOREHOLE CONDITIONS FOR WHICH 
CORRECTIONS ARE REQUIRED 


AEC Standard Condition 


Variable Condition 
. Borehole diameter 4} inches 
. Medium filling the Air 
borehole 
. Borehole casing 
. Water content of ore 


Disequilibrium 


None 
12 percent (by weight) 


G./Gy=1 


response of logging equipment. Therefore, it is 
necessary to make individual correction factor 
determinations for each type of equipment. 

The correction factor for the fifth variable con- 
dition, disequilibrium, is represented by the ratio 
of the mean true grade G; to the mean radiometric 
equivalent grade G, of an ore deposit. This ratio 
can be estimated by making a statistical analysis 
of the results of laboratory assays of samples ob- 
tained from the area. Each sample is assayed for 
percent U3;03 (weight) by chemical and by radio- 
metric techniques. When the laboratory radio- 
metric assay is made, only gamma radiation is 
measured. We have termed this type of assay the 
“gamma-only” assay. Gamma-only assays, rather 
than beta or beta-gamma assays, are required be- 
cause the laboratory measurement must be anal- 
ogous to the logging measurement, and the log- 
ging probe detects only gamma rays. 

In making gamma-only assays, the possibility 
of radon escape must be considered. Bi*'4, the 
most significant gamma-ray-emitting isotope in 
the uranium series, is controlled quantitatively 
by the amount of radon present in a sample. If 
radon escapes during sample preparation, the 
quantity of Bi4 in the sample becomes abnor- 
mally low, causing the value of the gamma-only 
assay to be too low also. If this incorrect value is 
used to determine the disequilibrium correction 
factor, the factor will be too high. This error is 
avoided by sealing the prepared sample in a gas- 
tight container and making two ‘“‘apparent” as- 
says, the first at least four hours after sealing and 
the second a few days later. By entering these two 
“apparent” assay values and the lapsed-time in- 
terval into a formula based on the exponential re- 
accumulation of radon, the true value is calcu- 
lated (Scott and Dodd, 1960). 


PRACTICAL APPLICATION 


The discussion thus far has concerned the 
principles upon which the interpretive technique 
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is based, and a specific description of the correc- 
tions which are required. A simple step-by-step 
procedure has been developed for routine applica- 
tion of the technique. First the thickness of the 
ore zone is determined and entered on a work 
sheet. It has been demonstrated theoretically and 
empirically that for ore zones two feet or more in 
thickness which have relatively sharp boundaries, 
the ore boundary is quite accurately represented 
by the half-amplitude point on the flank of the 
anomaly. Errors in thickness estimation caused 
by gradational boundaries, or by thicknesses less 
than two feet, have proven insignificant in ore re- 
serve calculations. Therefore, thickness is deter- 
mined by measuring the amplitudes of the peaks 
nearest the top and bottom of the anomaly, and 
calculating the footage interval between the half- 
amplitude points on the log curve as shown in 
Figure 9. 

Next, the area under the curve is determined. 
Counting rate values are read off the log curve 
using the transparent overlays which correct for 
resolving-time losses. These values are entered on 
the work sheet. The first counting rate value is 
read at the previously-determined upper half- 
amplitude point. This value is called the first end 
value, £;, as shown on Figure 10. Successive in- 
termediate values designated by J, J2 etc., are 
read at positions equivalent to half-foot depth 
intervals in the hole. The last intermediate value 
to be read is just above the lower boundary of the 
ore zone. The second end value, F2, is read one 
interval below the last value, and just below the 
lower boundary of the ore. 

The total area under the anomalous part of the 
curve can be subdivided into two tail areas and a 
central area as shown in Figure 11. Each tail area 
extends to a point halfway between an E point 
and the adjacent 7 point. The value of the sum 
of the two tail areas is approximated by adding 
together the counting rate values at E, and E» 
and then multiplying by a “tail factor.” A tail 
factor of 1.38 is used for AEC logging equipment 
when counting rate values are read at half-foot 
intervals. As long as both end values, FE; and Fo, 
are read at or below the ha!‘-amplitude levels of 
the adjacent peaks on the logs, the error of this 
approximation is usually less than 2 percent of 
the total area under the curve. 

The value of the central area between the two 
tail areas is determined by summing the inter- 
mediate values represented by Ji, J2, Is etc. This 
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Fic. 10. Numerical integration points. 
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Fic. 11. Determination of tail areas and central area. 


is a trapezoidal-type numerical integration which 
results in an error which is usually less than 3 
percent. The value of the total area under the 
anomalous part of the curve is then determined 
by adding the value of the combined tail areas to 
the value of the central area. 

The value of the total area is multiplied by cor- 
rection factors for the first four borehole condi- 
tions listed in Table I. The resulting corrected 
value is then multiplied by the calibration factor, 
k, to obtain G,T. G,T is then multiplied by the 
disequilibrium correction factor to obtain G,T, 
the grade-thickness product of the ore zone cor- 
rected for average disequilibrium. G;T is used for 
calculating ore reserves. Finally, the corrected 
mean grade G, is determined by dividing G,T by 
the ore zone thickness T. G; is used for the eco- 
nomic evaluation of ore bodies. 

This completes the step-by-step procedure used 
by the AEC to interpret gamma-ray logs. 

SUMMARY 

A basic equation G,T=kA, has been estab- 
lished which relates the mean radiometric equiva- 
lent grade of uranium ore multiplied by the 


thickness of the layer in which it occurs, to the 
integrated intensity of the gamma-ray field meas- 
ured along the axis of a borehole which pene- 
trates the layer. The validity of the equation has 
been confirmed empirically and theoretically. In 
practice, the calibration factor, k, is determined 
for a logging unit by using full scale models. The 
area under a gamma-ray log anomaly curve is ob- 
tained by numerical integration. Corrections are 
applied for instrument nonlinearity and for non- 
standard borehole conditions to obtain the cor- 
rected area, A. The grade-thickness product G, i. 
calculated using the basic equation, is corrected 
for average local disequilibrium. The thickness, 
T, of an ore layer is determined by measuring the 
distance between the half-amplitude points on 
the flanks of the log anomaly curve. Finally, the 
mean grade corrected for disequilibrium is de- 
termined by dividing the corrected grade-thick- 
ness product by the thickness. 
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PROPAGATION EFFECTS IN INDUCTION LOGGING* 


W. C. DUESTERHOEFT, 


Abstract: Induction logging utilizes the component of induced receiver coil voltage that is in phase with transmitter 
coil current as a measure of the conductivity of material surrounding the coils. This paper considers the problem 
of the field of a vertical magnetic dipole in a horizontally stratified, isotropic conductive formation and shows the 
receiver coil voltage can be considered as composed of responses due to electromagnetic waves in the formation. 
These waves which experience attenuation and phase shift as they propagate in the formation are reflected at each 
interface encountered, and a component of receiver coil voltage is induced for each passage of a wave. The relation 
of the receiver coil voltage components to the geometric factor of previous analysis is discussed. Universal curves 
that are useful in determining the response due to unreflected primary and reflected secondary waves are presented 
Example induction log system responses based on the analysis of the present paper are presented. 


NOMENCLATURE Go= Relative response to primary ex- 
. . . « } ) 

Rationalized MKS units are used unless other- = . 
Gn, {n= Relative response to wave having 


wise specified. 
experienced n reflections 


H= Magnetic field intensity 
E=Electric field intensity 
o = Electric conductivity 
o4=Apparent conductivity 
Magnetic permeability 
w = Radian frequency 
II = Hertz vector potential 
A=Vector magnetic potential 
a= Coil radius 
A=Nra?= Effective coil area 
N=Number of coil turns 
r, 2, @= Cylindrical coordinate variables 
R, 6, 6=Spherical coordinate variables 
M = Magnetic dipole moment 
= |jwuo}'/?= Propagation constant 
V=Electric potential difference Induction logging is an electromagnetic means 
L=Coil separation of determining the electrical conductivity of 
Jo(dr) = Bessel function, first kind, zero — strata of earthen formation traversed by a bore- 
order hole. Discussion of induction logging has centered 
F(A)=Weighting functions of integral for many years about the geometric factor concept 
transforms introduced by Doll. This geometric factor has 
A, x= Variable of integration proved to be valuable since it relates the re- 
A= 1/2 corded signal to the conductivity of the formation 
h, k, l\=See Figures 2 or 7 at positions relative to the transmitter and re- 
K, K =Induction coil-pair constants ceiver coils; however, the concept is based on an 
A,6=Attentuation or phase shift assumption that cannot be justified if conductive 
yL=A+j4 material of the order of one ohm-meter is present 


g(r, 3) = Geometric factor for infinitesimal 
toroid 
G(z) = Geometric factor for thin layer 


Subscripts P or S refer to primary excitation 
or secondary waves, respectively. Subscripts 7, 
R refer to transmitter or receiver coils. Numerical 
subscripts on material properties such as 0 and 
field quantities refer to the medium involved. 
Numerical subscripts on /, A, or V refer to the 
number of reflections experienced by the com- 
ponent in question. 


INTRODUCTION 


* Manuscript received by the Editor May 23, 1960. 
t Associate Professor of Electrical Engineering, University of Texas and Consultant, Applied Research Associates 
of Texas, Inc. 
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and if a frequency as high as 20 kc is used with a 
coil spacing of one meter. 

Dumanoir, Tixier, and Martin as well as Tixier, 
Alger, and Tanguy have published curves of in- 
duction log coil systems with “skin-effect’’ con- 
sidered. Neither group presents details of the 
manner in which this effect is taken into account 
and it is the purpose of this paper to present an 
analysis in which this effect is considered. 

This paper presents a new analysis of the in- 
duction log. The new approach considers the re- 
ceiver coil response as composed of voltages in- 
duced by electromagnetic waves propagating 
through the formation. These waves are generated 
as primary waves by the transmitter coils and 
they experience reflection (and transmission) 
when boundaries separating media are encoun- 
tered. A component of receiver voltage is induced 
for each passage of a wave. 

The concept presented in this paper is the re- 
sult of an analysis which follows classical methods 
of Sommerfeld that have been applied more re- 
cently by Sunde, Wait, and others. The approach 
is a Hankel Transform approach. Evaluation of 
integrals required to determine the response due 
to each wave has been accomplished, and curves 
are presented for these integrals. Example curves 
of response of 2-coil and 4-coil sondes have been 
included and the importance of the propagation 
effect is illustrated by comparison with results of 
the geometric factor analysis. 

This analysis with propagation effects con- 
sidered is of prime importance in (1) designing 
coil systems for optimum response and (2) pre- 
paring performance charts of an induction log coil 
system. 


THE INDUCTION LOG 


A two-coil induction logging system for meas- 
uring the electrical conductivity of strata tra- 
versed by a borehole is shown schematically in 
Figure 1. The operation of the system is usually 
described as follows. A regulated alternating cur- 
rent in the transmitter coil induces current flow 
in the earthen formation surrounding the bore- 
hole. This eddy current is approximately pro- 
portional to conductivity and is approximately in 
phase-quadrature with the transmitter current. 
The earth currents in turn induce a voltage in 
the receiver coil that is in phase-quadrature with 
the earth currents and, hence, in phase with the 
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Fic. 1. Induction log schematic. 


transmitter current. The mutual coupling be- 
tween transmitter and receiver coils produces a 
component of receiver coil voltage independent 
of conductivity and in phase-quadrature with 
the transmitter current. The measurement of 
conductivity is accomplished by phase discrim- 
ination in the receiver. Practical induction logging 
systems utilize multiple coil combinations de- 
signed to focus the response to strata immedi- 
ately adjacent to the sonde. 

Although the foregoing discussion serves to de- 
scribe the operation of the induction log, the fol- 
lowing limitation exists. When a frequency of 20 
ke is used in highly conductive material of the 
order of 1 ohm-meter, then coil spacings of 40 
inches as used in practice become appreciable to 
a wave length. The propagation effects of atten- 
uation and phase shift as functions of position 
then assume importance and should be considered 
in an analysis of the system response. The object 
of the study that follows is to determine induc- 
tion log response with full consideration being 
given to the propagation or “skin” effect. Three 
cases are studied; these are the cases of the sonde 
located (a) in a homogeneous medium, (b) near 
an interface, and (c) in a bed. 

Presentation of the geometric factor concepts 
is given later in a discussion of results where com- 
parison with results of this paper is made. 


7 
igh 


ANALYSIS OF THE INDUCTION LOG 


Vector Field Equations 

For sinusoidally varying fields with time varia- 
tion taken as e/*', Maxwell’s Equations can be 
expressed as equations (1) and (2) below. The 
field quantities are phasors in rationalized MKS 
units. In the conductive earth we is neglected in 
comparison to conductivity o. 


(1) = 
(2) VX E= — joB = — jou. 


It is mathematically convenient to derive the 
field quantities from the Hertz vector field II or 
from the vector magnetic field A where 


(3) H=VXVXM=VXA/s 
(4, E= 


— XT = — jwA. 

The components of the Hertz vector field satisfy 
the wave equation 

(5) 
We seek solutions of equation (5) that exhibit 


proper behavior at the exciting transmitter coils, 
at infinite radii, and at boundaries separating 


= = jwyoll. 


differing media. The receiver coil voltage can be 
determined from these solutions through use of 
equations (3) or (4). 


Sonde in a Homogeneous Medium 

Let the transmitter coil with dipole moment 
M=mnar*Nrly=Arlr be aligned with the z-axis 
and located at the origin in a homogeneous me- 


dium. The Hertz vector field is given by 


= RIT = RMe /4rR. 


(6) 
The electric field is derived from II as 
oll 
E, = — jou — 

or 


jouM sin 0(1 + 


Let the receiver coil be located at z=Z and 
aligned with the z-axis. The voltage induced in 
the receiver coil can be obtained by evaluating 
the line integral around the coil. 


(8) V= E-dR = 2nNparEs. 


coil 
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For the receiver coil we take L>apr so in the 
above integral R= L, r=apr, sin 0=apr/L. There 
results 
(1+ 
2r 
A power series expansion can be developed for 
(1+yL)e—7” which when substituted gives 


we A rArlr 


= 1 — (jwuo) L?/ 2 
(10) 
+ — 
+  f. 
The first term of the above equation, 
(jou A rArlr)/2rL’, 
is the mutual inductance voltage. The second 


term of the series is proportional to conductivity 
o and is in phase with transmitter current 7. This 
second component, is the 
solution given by Doll’s analysis. The remainder 
of the terms of the series give the correction that 
should be taken into account for ‘‘skin-effect”’ or 
propagation-effect. 

In induction logging the 
quadrature or mutual inductance term is nulled 
and the in-phase component of the receiver vol- 
tage is determined by phase sensitive detection. 


instrumentation 


This in-phase component of voltage divided by 
the true conductivity is given in terms of the 
dimensionless number A= Liwuo/2}"? as 


2A 


= Go=1- 


(11) 


and is plotted as Figure 3. 


Sonde near a Plane Interface Separating Differing 
Media 


Consider the important case of a coil system ap- 
proaching the interface separating two semi- 
infinite media of differing conductivity with 
nomenclature as defined on Figure 2(b). The solu- 
tion can be obtained through utilization of the 
integral transform method of Sommerfeld (pp. 
236-278). It can be shown that solutions of the 
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Fic. 2. Illustration of three problems considered 
with definition of symbols used in analysis. 


wave equation, equation (5), can be expressed as 
Hankel Transforms as 


(12) II -f F(A) J (Arye 


(13) A? 7’, 
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where Jo (Ar) is the First Kind, Zero Order 
Bessel Function. In region 1 the solution is taken 
to be the primary excitation function, 


= Me7®/4rR, 


plus a perturbation due to the discontinuity. An 
integral transform of the primary excitation is 
given by Erdelyi (equation (24), page 9) with 
F(\) =\/A. Thus, where 


M 
II, = f J (Ar) 
dar 0 
(14) 
VA, 
= + (15) 


In region 2, 


Mf” 
4dr 0 


Conditions that must be satisfied at the inter- 
face are used to solve for the weight factors 
F,(\) and F(A). Boundary conditions relating 
tangential and normal components of the field 
quantities at are and 
Since only a z-component of IT is re- 
quired here, equations (3) and (4) lead to condi- 
tions at z=/ that must be satisfied for IT; namely 
II,(r, h) 2) and 


oll, 


02 
The boundary conditions and the property of 
Fourier-Bessel integrals given on page 183 of 
Smythe permit solution for F\(A) and F,(A). 
On application of these relations and solution for 
F\(X) and F.(A), there results 


— As 
(17) 
Ai \Ai + Ae 


2r 
( 
Ai + Ag 


F\(v) = 


) evs ADA (18) 


The voltage induced in the receiver coil can be 
determined as the product of (—jw), coil area, 
and axial component of magnetic flux density 


evaluated at the receiver coil. An alternative 


e 
ae 
R?: z7+r? 
| 
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method is to evaluate /E-dR over the receiver 
coil whence 


(19) V = 2rarNrks 


(20) V 


It is convenient to divide V into two components, 
Vp and Vs resulting from the primary and sec- 
ondary fields, respectively. Vp has been evaluated 
previously as equations (9) and (10) with its real 
component given as equation (11). Although the 
wave number A runs the range from zero to in- 
finity, the integral converges rapidly so that for 
small receiver coil radius ar we can consider 
har<&1. Equations (14), (17), and (20) give Vs. 
With the approximation for 


Adr K 


OJ 
= — )\J,(Ar) = — 
or 


and equations (14), (17) and (20), there results 


(Ay — Ao 
2 Jo + Ag 


where 1=(2h—L) and K is the constant 


K = JopArA 2r. 


We observe / to be the distance traveled from 
transmitter to interface to receiver and 
(A,;—As)/(A;+A:2) as the reflection coefficient at 
the interface. 

The induction log receiver coil voltage can be 
obtained as the sum of the expressions of equa- 
tions (10) and (21). Since K is imaginary and the 
instrumentation detects the in-phase component 
of V, we are interested in the real part of V; that 
is, the imaginary part of the integral excluding 
the factor K. The integral is to be evaluated 
along the real A-axis from A=0 to A= &. This is 
path A on Figure 4. Since no singularities exist in 
the octant enclosed by the paths A, B, and C, and 
since it can be shown that the integral over the 
infinite radius path B is zero, then the integral 
over path A is equal to the integral over path C. 
The path C is particularly advantageous because 
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1.0 


0.1 
A= 


Kc. 3. Universal curve for relative response to pri- 
mary excitation, Go, that provides component oGo of 
apparent conductivity due to primary excitation. 


of the symmetry with respect to the branch 
points A= +jy:1 and A= +/ye2. By transforming 
variables, A= an integral expression with a 
real integrand except for the exponential term 
can be obtained. An additional change of vari- 
able given by y*+ ayo 10°C? sub- 
stitution for K from equation (22), and rational- 
ization of the numerator of the integrand, pro- 
vides the following result 


Vs 


- (23) 


KL(o2 = a1) jC?) (x? — 
l Ja (xt Vx?+1)? 


xd 
where 
wu? A R A rir 
(24) 
(25) 
wu(o2 — 1) (26a) 
(1 + — (26b) 
(1 + 
The constant K is also the coefficient of @ in 
equation (10). 
If we define the real part of the integral of 
equation (23) as G;, then the in-phase component 
of the induction log signal can be expressed as 


= 01/(02 — 


ty 
Z| 
(21) Vs = 
(22) 
= 
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Fic. 4. Illustration of integration path C used 
for evaluation of integrals. 


Real Part V 
(27) 
= + (02 — o;)GiL, i} 


where Gp is given by equation (11) and Figure 3. 
The ratio of apparent and true conductivity is 


/ 01 L 
(28) (¢4/o01) = Got+ ) 
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The integral of equation (23) was programmed 
for digital computer computation. Results in 
terms of the dimensionless parameter IC/+/2 
=4,=/1{wu(o2—o;)/2}"* are shown as Figure 5. 

A similar development for the case where the 
sonde is located in the more conductive of the 
media yields 


KL(o; — 
l 
(29) 
b (x + \ x _ 1)? 
B? = wul(o; — o2)/2 (30) 


The real part of the integral is defined as g; and 


01 — 
04/0, = Go ( (— 


(32) 
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Fic. 5. Universal curve for relative response, G, that provides component, (o2—0:)G,L/l, of apparent con- 
ductivity due to single reflection secondary wave—-o2> 01. 
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Fic. 6. Universal curve for relative response, g:, that provides component, ‘o —a2):L/l, of apparent con- 
ductivity due to single reflection secondary wave —o,>o: 


The real part of this integral is plotted on Figure 
6 as a function of the parameter 


6: = — = 1B/V/2. (34c) 
Sonde with Interface between Coils Ac(A; + Ao) 
If the interface lies between the coils as illus- 
trated on Figure 7(a) where appropriate nomencla- 
ture is defined, the voltage is determined from 
II, of the preceding section. Then 


If the approximation, e{41~42*=1+(A,—Ag)k, is 
used, then 

2n3 

¢ 


A+ As 
The evaluation of this integral is facilitated by e~ (35a) 

rearranging in the manner shown below 

(34a) V= — Ao) 

o (Ai + Ag) 


AY + As. (35b) 


(33) 


e want 


(34b) 
— 1) — Ay 


The real parts of X; and Xe have been eval- 
\ Ai(Ay + Ag) uated previously and are: 


1 98 
vit 
0.30 
0.15 \ 
of 
C: 
O 
5 
Oe 
\ 
N 
e) O 5 Leer 
10.0 
Kee 
ats 
7 
) 


PROPAGATION EFFECTS IN INDUCTION LOGGING 199 
RECEIVER and 
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. { r A similar development applies to the evalua- 
Qs i} tion of Y. The induction log reading is then 
MEDIUM | £ 
| = aiGo(yil) + 


TRANSMITTER 


h 
| 


Fic. 7. Hlustration and definition of symbols for 
analysis when coils are in different media. 


h 
(36) Real Part X; = Rol ) 


h 
(37) Real Part = K(o.— Ga( ) 

where Go and G, are function of L}@yo,/2)'? and 
respectively, as given on 
Figures 3 and 5. For values of interest in induc- 
tion logging, the integral VY; can be evaluated 
easily by recognizing that the significant con- 
tribution to the integral is given in the region 
A>y1 and Aye. If the numerator and the de- 
nominator radicals are expanded in series, there 
results 


Khk Ny? — 
(38) = f € AiLd), 
0 


The integral of this expression is 


Khk 
(jum)(o1 — o2)(1 + 


Real Part X3 
(40) 


= K L L o2)H(yiL) 


(39) X;= 


where 
H(yiL) = 441 — + 


(41 
— 2A,°/15 + } 


h 


(43) 
— — — oigi(nil, y2L) 


h k 


— 
The quantity (1—2H) =(A®/3—A‘/4+A5/15+) 


has, for example, a value of 61074 for values of 
L=40 inches, f= 20kc,o = 1 mho per meter; hence, 
it is concluded that the correction terms H(yL) 
of equation (43) can be neglected. Then the read- 
ing can be obtained by proper weighting of the 
values and as 


h k 
G4 = —o4' + — oa”, (44) 


where the values o4’ and o4” are the apparent 
conductivities with one coil at the interface and 
the sonde imbedded in medium 1 or medium 2, 
respectively. 
Sonde in a Bed 

Figure 2(c) defines nomenclature for the case of 
the sonde in a bed. The analysis of this case 
proceeds in the same manner as that of the pre- 
ceding sections. Region 1 is divided into two 
sub-regions to allow convenient expression of the 
primary excitation. The perturbation in region 1 
includes one expression for waves traveling in the 
positive z-direction and one for components 
traveling in the negative z-direction. Region 2a 
has components traveling in the positive 2-direc- 
tion and 2b has components moving in the nega- 
tive z-direction. The factor M/4m is to be in- 
serted later. 


Tia =f Jo(Ar) + dy (45a) 
0 | 


& 
2 
| 
| 
j 
— = 
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0 A 


1 


(45c) To = Jo(Ar)} falAje 
0 

(45d) Ila, dd, 
0 


As before, boundary conditions at the media dis- "= Vet 4+ 4+ 
continuities, z=/,; and z= are and 
+ + V5" + 


és cake rhe expression for these components are 
Vp = Ke + yi L)/L3 (50a) 
On substitution of these boundary conditions and K re >3 
solution of the four equations that are obtained, y (50b) 


Ay 


Os Oz 


there results 


A; \Ai + Ao 


J, +. ~ As 


Ai + As 


If the indicated division of braces is performed, 


a series expression for F, results 


Ai — Ae Ai — 2\° Ai — As 
Fd) = - + (— 


(47) 


Similarly, 


. \ Ai — Ag Ay — Ag 2 
Ai\Ai + Ae \ Ait Ae 


The receiver coil voltage can be evaluated us- 
ing methods presented in preceding sections. The 
receiver coil voltage can be divided into com- 
ponents, one component for each term of the 
series resulting when equations (47) and (48) are } «-A1(2H+L) gy 
substituted in equation (45a). Then, 


(48) 
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Ai — Ao\" 
Ailing), 
Ai + Ao 


It is of interest to note the meaning of distances 
such as (L+2/.). These distances are recognized 
as the distance the wave propagates with reflec- 
tion at each interface. The ratio (A,;—A2)/(Ai+<A2) 
represents the reflection coefficient at each inter- 


(50e) 


face. Thus, 
ly’ = 2h. + L, 
ly’ = 2H + L, 
The receiver voltage in phase with the trans- 
mitter current is derived from the real parts of 
the integral expressions of equation (50). The 
apparent conductivity to true conductivity ratio 


ag 


Qhy 


2H — L, etc. 


Il 


is given as 


01 
(51) 
G;'L G3"L 
ls ls 


The factors Go, G;’ and G,” are plotted as Figure 
3 and Figure 5, respectively. The factors for 
multiple reflections were computed from a trans- 
formed version of equation (50e); namely, 


K 
2 


(jC*)' 2(x? a’) 

9 

where a and C are given by equation (25) and 


(26). For values of 1 >1, an excellent approxima- 
tion for our purposes results from using 


(52) 


9 
€ 


(x + V/ x? oo 1) 2n = 
The resulting integral is evaluated easily and re- 
sults are shown as Figure 8 and Figure 9 for 2 and 
3 reflections, respectively. 
DISCUSSION OF RESULTS 


Results obtained in the preceding analysis can 
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be compared with the geometric factor results of 
Doll. The geometric factor analysis assumes neg- 
ligible far field. With this assumption Doll ex- 
pressed the receiver coil voltage in-phase com- 
ponent as 


K 
V = —f a(r,z)g(r,z)drdz (53) 


K = (54) 


The factor g(r, z) is the geometric factor defined 
by Doll and evaluated as 


L 

It can be shown that 
f f g(r, z)drdz = 1. (56) 


In discussing response attributed to conducting 
beds where conductivity is independent of r, it 
has been found useful to define a second geometric 


G(z) -{ g(r, z)dr 


factor 


(57) 


f1/2L, |s| <L/2 


so that 


K x 

a(z)G(z)dz. (58) 

It can be shown that if a two-coil sonde is im- 
bedded in a semi-infinite medium of conductivity 
o, with the interface with a second semi-infinite 
medium of conductivity o2 a distance //2 from the 
sonde center as depicted in Figure 2(b), the geo- 
metric factor of Doll gives the result 


oA —o1\ L 
( ) =1+ 0.25( ) ~. (59) 
01 01 l 


This equation should be compared with equation 
(28) which for the same geometry gives 


OA 02 — 01 
l 


a 
| 
| 
Supe: 
(60) 
| 
| 
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n=2 


0.1 


A,= bp 


ductivity due to double reflection wave 


where Gp and G, are functions of ZL }wuo,/2}? and 
L{wu(o2—01)/2}"", respectively, given as Figures 
3 and 5. Similarly, for the sonde in a bed as 
depicted in Figure 2(c), the geometric factor gives 
a result. 


(61) = 1+ 0.25 


L 
This result should be compared with equation (51) 
where 


GL 
1.’ 
G3". 
l; 13!” 


1.0 


Fic. 8. Universal curve for relative response, G2, that provides component, (¢2—0,)G2L/l2, of apparent con- 


o2>0}. 


with Gi’, Gs’, Ge’ 
5, 8 and 9. 

Tixier, Alger, and 
curves of an integrated vertical geometric factor 
for thin beds with “‘skin-effect’’ considered; how- 
ever, details of the analysis are not included. 
Neither is an exact definition of this vertical geo- 
metric factor stated although, presumably, the 
calibration constant of the coil system is selected 
for correct reading in the more conductive ma- 
terial. Then, 


= o2(1 = G,) 


etc., as given by Figures 


Tanguy have presented 


(63) 


where G, is the integrated vertical geometric 
factor. It follows that G, defined in this manner 
is a function of Go, Gi, Gs, etc. as well as bed thick- 
ness, as given by equation (62), and it is influenced 
by shoulder conductivity and contrast 02/01. 
Since the induction log is primarily a conduc- 
tivity sensing device, highly conductive adja- 
cent beds may produce more signal than the bed 
in which the sonde resides. The geometric factor 
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n=3 


Fic. 9. Universal curve for relative response, G;, that provides component, (¢2—0;)G;L/l;, of apparent con- 
ductivity due to triple reflection wave—o2> 0. 


concept gives too much apparent importance to 
media located some distance from the sonde. This 
conclusion results from the above comparisons 
since G, <0.25. Thus, the effect of the attenua- 
tion considered in this paper is to give more and 
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Fic. 10. Example response of a 40 inch two coil sys- 
tem in the vicinity of an interface separating media 
having contrast 02/0; = 20. 


proper weight to the formation material in the 
near vicinity of the sonde. These results take on 
additional importance when it is realized that in- 
duction log sondes utilize focus coil arrangements. 
These focus coils can be designed such that the 
coil system has excellent response for beds imme- 
diately adjacent the sonde, the response to beds 
more distant from the coil system being mini- 
mized by the attenuation effect. 

Example response curves for 2-coil and 4-coil 
sondes are shown as Figures 10 and 11. The 2- 
coil sonde considered had a coil spacing L=40 
inches. The 4-coil sonde had a main coil spacing 
of L=40 inches with focus coils 25 inches from 
the main coils and with a ratio of main coil turns 
to focus coil turns of V/n=8.2. The turns ratio 
was selected such that mud column effect would 
be minimized; i.e. the contribution to the reading 
by formation material in the vicinity of the axis 
was minimized. Results of analysis utilizing the 
geometric factor approach of Doll is shown for 
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purpose of comparison. The importance of the 
“‘propagation-effect” when high conductivity ma- 
terial is present is to be noted. The curves ob- 
tained from the geometric factor analysis hold 
only when 


Careful comparison with the results of Tixier 
cannot be made since the geometry of the coil 
systems is not specified. Comparison of the coil 
system response curves of Tixier with those of 
Figure 11 is not the subject of the present paper; 
however, the following brief comments can be 
made. If the bed response of the example 4-coil 
system of Figure 11 is computed and compared 
with bed response computed from the published 
integrated vertical geometric factor of Tixier us- 
ing equation (63), then the following is indicated. 
The 4-coil system reads 31 percent low in 1 ohm- 
meter material and 5 percent low in 0.05 ohm- 
meter material while the Tixier curves give 0 per- 
cent low reading in 1 ohm-meter and approxi- 
mately 35 percent high reading in 0.05 ohm-meter 
material; this difference is explained by the dif- 
ference in multiplicative scale constant. At bed 
thickness of 80 inches and contrast of shoulder 
conductivity of 1 mho/meter and bed conduc- 
tivity of 0.05 mho/ meter, the example 4-coil sys- 
tem indicates conductivity 30 percent high and 
the Tixier curves indicate a reading 40 percent 
low which merely indicates a greater degree of 
focus for the latter coil system. 
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Fic. 11. Example response of a four coil system in 
the vicinity of an interface separating media having 
contrast o2/o;= 20. 
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INDUCED POLARIZATION IN ELECTROLYTE 


Abstract: This paper describes the results of some studies of the dependence of induced polarization and of the 


formation resistivity factor upon solution concentration in saturated porous plugs. Two theories based upon two 
different simple models are developed. The first treats induced polarization as an electric dipole polarization occur- 
ring at the surface of clay particles. It is a relaxation theory that does not lead to results agreeable with experi- 
ments. The second theory treats induced polarization as a concentration polarization which is induced at solution- 
clay surfaces when current flows across the surfaces. The second theory is more successful than the first in two 
ways: (1) it leads to a time dependence more consistent with the experimental decays; (2) it leads to equations 


INTRODUCTION 

The work reported in this paper was under- 
taken to develop theoretically and test experi- 
mentally the similarities between: (1) the de- 
pendence of the formation resistivity factor F 
upon the resistivity p, of the saturating solution, 
and (2) the dependence of the induced polariza- 
tion JP upon the resistivity of the saturating solu- 
tion. In the theoretical development two simple 
models are assumed. The first model assumes that 
electric dipoles are associated with clay particles 
in electrolytic solution.! The second model as- 
sumes that the clay particles are electrically con- 
ducting particles and that electrical conduction 
in a saturated plug is equivalent to one in which a 
solution region is in parallel with a combination 
clay region-solution region in series as indicated in 
Figure 4. 

DIPOLE LAYER MODEL 

It is assumed that clay particles have charged 
surfaces which are in contact with an electrolytic 
solution and that the electric fields arising from 
the charged surfaces give rise to polarized layers 
of molecules adjacent to the surfaces. This is 
illustrated in Figures 1 and 2 diagrammed below. 
Upon the application of an external electric field, 

1 The electric dipole model is discussed to show that 
it disagrees with experiment in more ways than one. 

* Manuscript received by the Editor July 29, 1960. 

+ Physics Department, University of Georgia, Athens. 


involving the resistivity of the saturating solution p, which are also more consistent with experiments. 


the total fields at the clay surfaces change and 
subsequently the polarization of the polarized 
layers changes. 

The introduction of a change in the external 
electric field at a clay surface causes the tempera- 
ture T, of the system of polarized molecules to 
change. Let 9=7—T,, where T is the tempera- 
ture of the rest cf the system assumed to be con- 
stant. A non-zero 6 gives rise to an energy trans- 
fer, and as long as @ is not large, the transfer may 
be written as: 


dQ = — a(x)6dt, (1-1) 


where dQ is the heat energy transferred from 
polarized molecules to the rest of the system in 
the time df. The constant a(c) is defined as the 
coefficient of heat contact between the polarized 
layer and the rest of the system and depends upon 
the concentration ¢ of the solution. 

The first law of thermodynamics for the polar- 
ized system may be written in the form 


d0=Cr p) +O dE, (1-2) 


E 
where P is the dipole polarization, E£ is the electric 
field intensity and C, and Cg are the specific 
heats at constant P and E£, respectively. 

For steady state sinusoidal currents: 


t Physics Department, University of Florida, Gainesville. 
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SOLUTION SOLUTION 


OIPOLE LAYER DIPOLE LAYER 


F 
DIPOLE LAYER __ DIPOLE LAYER 


SOLUTION SOLUTION 


Fic. 1. Dipole layer model before current pulse. Fic. 2. Dipole layer model during and 
shortly after current pulse. 


(1-3) E(t) = Eve 
(1-4) P(t) = Poe! 
(1-5) = 


Here both Ey and Py are complex, so that E and 
P are not necessarily in phase with each other. 


Thus, equations (1-1) and (1-2) become Here (0p/0E)r is defined as the static suscepti- 


bility xo and Po/Epo the susceptibility x so that? 


dQ 
(1-6) = — 
it 


oT dP 
Op E dt 
+ Cp ; mas For currents other than sinusoidal, the current 
can be represented by a Fourier integral (or sum) 
of sinusoidal currents; i.e., the electric field may 
Combining equations (1-3) through (1-7) it fol- 
lows that 


be written as: 


— ay lw Cr k(t) f A (w)e'dw, (1-12) 
oP E 


aT where 


(1-8) Eo 1 


» 
A(w) E(te-“'dt. (1-13) 
. : J _ 
Treating 00, Po and as differentials, we may 
mene The polarization P would be given by the follow- 
I 
oT ing integral: 
(1-9) A = Po + Eo. 
OE 
2 This equation can be derived by assuming other 
: : models, such as by assuming that clay particles them- 
Equations (1-8) and (1-9) lead to selves are the electric dipoles. 
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(1-14) P(t) -f x(w) A (w) 


The evaluation A(w) for the bi-directional 
square pulses as shown in Figure 3 which were 
used in the experimental studies leads to: 
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take one of two paths through a cell: (1) through 
solution only, or (2) through solution, across a 
clay-solution boundary, and through clay. 

The relation for the formation resistivity factor 


vs solution resistivity becomes 


L 1 0 1 27} tr 
(1-15) A A,(w) Foe = Eve + koe ‘wt 
5r 


n= 


(1-16) P(t) 


1+ t(wCr/a) n=0 


= 2(—1)"xo 


Eo Cr 


(1-17) x 


where ¢; is the time duration that the current was 
on and also the time duration that the current 
was off. In equation (1-17) the time ¢ after the 
last current pulse, enters only in the last factor 
e'@CE. This means that the decay constant is pro- 
portional to a. 

For just a single current pulse of duration 4), 
equation (1-17) becomes 


(1-18) x = Cele ta CE. 
where K 
ELEMENTARY CLAY CONDUCTOR MODEL 


In the second theory the main assumption is 
that the current flows across clay-solution bound- 
aries. A simple cellular model is used to represent 
the soil sample (see Figure 4). This model follows 
indirectly from the conclusions of Patnode and 
Wyllie (1950). It is assumed that a cell consists 
of a solution region and a clay region as shown in 
Figure 4. It is also assumed that the current can 


iI 


La, 
| 


Fic. 3. Bi-directional square current pulse 
(t;=0.25 sec.). 


P Cy~ 
e 


--3T] 


b= 


2Qnty(a/C EK) tila ta Cs. 


+ B 
+ D 


where B, C, and D are factors which edpend upon 
cell dimensions and the resistivity of the clay 


(2-1) 


particles. 

According to Henkel and Van Nostrand (1957) 
the polarization induced at a solution-conductor 
boundary is inversely proportional to effective 
electrolyte concentration and proportional to cur- 
rent density; Le., 

V op = BlesPs, (2-2) 
where J,, is the normal current density flowing 
across the conductor-solution surface, g is a con- 
stant of proportionality and Vo, is the out of 
phase potential (time of no current flow) in the 
soil sample. Using (2-2) and Figure 4 it follows 
that 

V op Hp, 


= = (2-3) 
J lp Ps + B 


where Vj, is the potential difference across the 
earth plug during the time of current flow and H 


PATH | 
PATH 2 “4 
SOLUTION 


Fic. 4. Parallel resistor model of soil sample. 
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Theoretical curve 
° - Experimental points 


Fic. 5. Graph of ratio of out-of-phase voltage to in-phase voltage (t=0 and 4,=0.25 sec) versus log py (ps in 
ohm-cm). Theoretical curve computed from equation 2-3 and experimental values from soil sample No. 56 saturated 


with varying solutions of Na Cl(.005N-.5N). 


is a constant. (Note that the denominator of 
equation (2-3) is the same as the numerator in 


equation (2-1).) 
EXPERIMENTAL STUDIES OF IP VERSUS SOLUTION 
CONCENTRATION IN POROUS PLUGS 
Earth plugs obtained from the Field Research 
Laboratories of the Magnolia Petroleum Com- 


pany were saturated with solutions of NaCl of 


various concentrations (.005N-.5N). Bi-direc- 
tional square wave pulses as shown in Figure 3 
were passed through saturated plugs and electri- 
cal responses using standard 4 electrode arrange- 
ments were observed on an oscilloscope. 

Figure 5 shows the dependence of the experi- 
mental values of Vop/Vip (at time =0) upon the 
resistivity of the saturating solution for a typical 
plug. Figure 5 also shows a plot of equation (2-3) 
fitted to these points. 

Figure 6 shows the experimental dependence 
of the formation resistivity factor upon p, for the 
same plug and also a plot of equation (2-1) fitted 
to these points. The constant B used in the fit was 


the same as that used in Figure 5. 


DISCUSSION OF RESULTS 


It seems reasonable to assume that the coeffi- 
cient of heat contact in equation (1-1) is a linear 
function of the electrolyte concentration. Assum- 
ing that a is proportional to the effective solution 
concentration (i.e., proportional to 1/p,), the re- 
lationship between the ratio of the induced polar- 
ization at time ¢=0 to the electric field intensity 
versus the resistivity of the saturating solution as 
given by equation (1-18) approaches a constant at 
high concentrations or low resistivities and ap- 
proaches zero at low concentrations or high resis- 
tivities, the opposite of the experimental data (see 
Figure 5). In order to obtain the general slope 
shown in Figure 5, it is necessary to assume that @ 
is inversely proportional to the solution concentra- 
tion, which seems unreasonable to the authors. 
However, according to Collett and Wait (1959) 
the induced polarization does decrease with in- 
creasing electrolyte concentration for large con- 
centrations (>.01N) but not for very weak 
concentrations; i.e., Collett found that there was 
an optimum concentration which gave the largest 
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induced polarization ratio Vop/Vip. Mr . Hunter 
(1959), also found that there was an optimum 
concentration and this led to the following state- 
ment presented to the 1959 Southeastern Section 
of the American Physical Society Meeting by 
Henkel: 

“The phenomenon of electrical polarization in- 
duced in electrolyte saturated earth sample by 
electric currents is similar in many respects to the 
phenomenon of the anomalous absorption of 
sound by gases; i.e., (1) there is an optimum fre- 
quency and electrolyte concentration for which 
the induced polarization is a maximum, (2) the de- 
pendence of induced polarization upon clay con- 
tent in soil samples is very similar to the depend- 
ence of the sound absorption coefficient in air 
upon humidity.” Later repeat tests by the pres- 
ent authors failed to show that there was a non- 
zero optimum concentration. The optimum con- 
centrations found by Collett and by Hunter occur 
at low concentrations (~.01N). The present 
authors found that at low concentrations experi- 


Fig. 6. Graph of F versus log p, (ps in ohm-cm). Theoretical curve computed from equation 2-1 and experimental 
values from soil sample No. 56 saturated with varying solutions of Na Cl(.005N-.5N). 


Theoretical curve 
°- Experimental points 


mental results were hard to duplicate and, there- 
fore, they believe that these low concentration 
results are unreliable. 

Van Nostrand and Henkel 1957 discussed the 
time dependence of the polarization decay in 
their paper and they indicated that induced 
polarization did not decay exponentially as equa- 
tion 1-17 indicates but decays according to that 
based upon diffusion. Marshall and Madden 
(1959) also indicate that the diffusion phenome- 
non is the most important factor contributing to 
induced polarization. 

There was a spread in the experimental values 
for the formation resistivity factors (F) and thus 
the fit of equation (2-1) to the experimental data 
was a rather rough one. However, there is a gen- 
eral fit indicating that the cellular model is cer- 
tainly better than the electric dipole model. Thus, 
this paper gives added support to the conclusion 
of other papers (Van Nostrand and Henkel 1957, 
Bliel 1953, Marshall and Madden 1959) that in- 
duced polarization can be explained better in 
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terms of electrical conducting earth particles than 
in terms of relaxation of electric dipole polariza- 
tion. 

The models presented in this paper are, indeed, 
simple ones and do not contain as many param- 
eters as those of Marshall and Madden (1959) 
or as those of Wait (1959). Consequently the 
models presented in this paper are not as flexible 
and can not be fitted to experiment curves as well 
as those of Wait and Marshall and Madden. Also, 
the assumption of straight current paths as shown 
in Figure 4 is weak, but after this assumption is 
made no added restrictions on the relative volume 
of the conducting clay regions are introduced. 
This is to be compared with Wait’s treatment in 
that he did not assume straight current paths but 
did assume that his dielectric coated conducting 


particles were small. 
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Assuming the validity of the clay conduction 
cellular model, it follows that a similarity between 
the dependence of F upon p, and JP upon p, is 
given by the term (p,+ 8) in (2-1) and (2-3). 
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THE DIURNAL PROBLEM IN AEROMAGNETIC SURVEYING 
IN CANADA* 


WHITHBAMT ann Ro NERBLETTT 


Abstract: Errors introduced into aeromagnetic survey results because of geomi ignetic time variations have been 
analyzed in two ways. In the first, statistical properties of average magnetic disturbance have been calculated 
for five locations well distributed in latitude in Canada. The autocorrelation functions of vertical magnetic field 
fluctuations have been used to estimate errors in aeromagnetic surveying as a function of the length of the base 
loop and the length of the traverse lines or profiles, for five latitudes. In practical applications, the r.m.s. errors 
are proportional to the square root of elapsed time. These results can be explained in terms of the shape of the auto- 
correlation functions, and models of disturbance which might produce them are discussed. 

In the second part experimental results are presented of a comparison of total field intensity fluctuations measured 
with recording proton precession magnetometers at two pairs of stations, one pair 26 miles apart and the other 
94 miles apart. The measurements were taken in Western Canada south of the auroral zone. The r.m.s. differences 
in the time variations have been determined quantitatively for each hour for both pairs of stations; statistically, 
it was found that these differences were proportional to the r.m.s. level of magnetic activity and, in this region, to 
the separation of the stations. The frequency distributions of the r.m.s. differences between the two pairs of stations 
for the month of September 1959 have been determined. 

A comparison of the indirect and direct methods of correction indicates that scientifically, in this region, there is 
little to choose between them in terms of accuracy. Operational considerations are mentioned. 


INTRODUCTION sample of homogeneous data from five Canadian 
observatories, situated between 48 degrees N and 
75 degrees N. The variations of both base-loop 
involved in compensating aeromagnetic data in €frors and traverse errors as a function of latitude 
northern Canada for external transient changes nd elapsed time or the length of these lines, are 
“high deduced. The random nature of the non-linear 
component of irregular disturbance is confirmed 
at all latitudes; and simple formulae are deduced 
for the prediction of errors if the r.m.s. changes in 
magnetic field intensity in time are available from 


An account has been given previously (Whit- 
ham and Loomer, 1957) of the general problems 


in the earth’s magnetic field—the so-called 
latitude diurnal problem.”’ The main features of 
the changes with latitude in the diurnal variation 
of the shorter period irregular magnetic activity 


in northern Canada were described. As a result of 
a nearby observatory or base-station. 


Under average conditions, the errors are suf- 
ficiently large with reasonable control patterns 
to make worthwhile reconsideration of the valid- 


a simple statistical analysis of the changes in 
magnetic field intensity at Baker Lake, N.W.T., 
it was suggested that errors of about one-half the 
diurnal correction between base lines should ap- 
pear in individual profiles using customary mag- 
netic control flight procedures, and that because results of an experiment, employing recording 
of the random nature of the disturbance, an im- _ proton-precession magnetometers in station pairs 
provement of some forty percent only inaccuracy in western Canada, have been analyzed quan- 
is produced by doubling the base looping used. _ titatively. It was found, in this region, that the 
In this earlier paper it was also suggested that r.m.s. differences in total intensity field fluctua- 
the statistical approach to the indirect method _ tions were proportional to the r.m.s. level of mag- 
of correction could perhaps be usefully extended netic activity and to the separation of the sta- 
using correlogram methods. tions. Using quickly determined indices of mag- 

Such an investigation is now presented using a__ netic activity, it was then possible to compare 


ity of correcting directly from a base-station. The 


* Manuscript received by the Editor August 8, 1960. 
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directly the accuracy of the direct and indirect 
approaches. 

Morley (1953), Reford (1958) and Hoylman 
(1958, 1959) have previously considered the di- 
rect approach with somewhat contradictory 
qualitative conclusions. None of these authors 
handled the statistical problem quantitatively 
nor supplied the necessary data for reasonable 
extrapolation or assessment of operational prac- 
ticability. This paper attempts to supply this in- 
formation. 


THE INDIRECT APPROACH 


The Magnetic Data Analyzed 

Because of the large amount of computing 
necessary to determine correlograms by hand 
methods from photographic magnetograms, the 
data analyzed were limited to three days in 
August, 1957, selected so as to be as representa- 
tive as possible of average magnetic conditions. 
This selection was made by visual examination 
and checked by means of the A-index daily sums 
available at the time of selection (March 1958) 
from Meanook and Victoria magnetic observa- 
tories only. Table I illustrates the average nature 
of the three selected days, August 1, 2 and 20, 
1957, and shows in addition the planetary K- 
index, Ap, and amplitude index, Ap, data which 
became available after the commencement of 
this work (CRPL-F158 Part B, Solar-Geophys- 
ical Data). At one observatory, Baker Lake, 
N.W.T., the record for August 20 was replaced 
by that for August + because of the former’s poor 
photographic quality. Otherwise the data are 
homogeneous and none of the selected days ap- 
peared in the list of five international quiet or 
disturbed days for the month (see reference 
above). It is believed therefore that the days are 
representative of the level of activity during one- 
half to two-thirds of the month. 


TABLE I. SUMMARY OF MAGNETIC CHARACTERISTICS 
OF SELECTED Days 

Meanook Victoria A, 

| 28 


day day 


Date (units 2 


gamma) 


Aug. 1,1957 | 14 
Aug. 2,1957 | 15 
Aug. 20,1957. | 18 
Mean, 

Aug., 1957 16. 
Aug. 4,1957 | 16 
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The photographic magnetograms available 
from five Canadian observatories (Victoria, Mea- 
nook, Yellowknife, Baker Lake and Resolute 
Bay) consist of two orthogonal horizontal inten- 
sity records together with a vertical field inten- 
sity record. At  moderate-to-high latitudes 
AF =AZ and the vertical fluctuations provide a 
first approximation to the total field intensity 
perturbations. The mean scale value of the Z 
magnetograms for the five observatories was 6.4 
gammas/mm; the maximum sensitivity (Victoria) 
was 3.3 gammas/mm. and the minimum (Mea- 
nook) was 11.1 gammas/mm. 


The Autocorrelation Functions 

The magnetograms 
were scaled in mm. for each day every 2.5 min- 
utes of time. The data in each two-hour universal 


from five observatories 


time interval were made stationary (sum=0) by 
subtracting the appropriate linear correction ob- 
tained by extrapolating and interpolating from 
the two one-hourly mean values in each interval. 
The autocorrelation of each sample is defined 


lim 


h— 


Z(t):Z(t + 2.5k) 


r(k) 


h 
f Z(t)+Z(t + 2.5k)dt/2h 
—h 


the bar denoting an average over all ¢. From the 
stationary series, expressed in mm., 7r(0), r(1), 
r(2), r(4), r(6), r(8), r(16) and r(24) were calcu- 
lated in mm.*, and then converted to gammas? 
using the appropriate scale value. In general, 
plots of r(k) against k are similar, but diurnal 
changes in activity produce large changes in the 
amplitude of the autocorrelograms. Figure 1 
shows typical autocorrelograms for the six two- 
hourly periods nearest local noon (the day-time 
sets) on August 2, 1957 at Meanook observatory, 
Alberta. Figure 2 shows the results of averaging 
these six periods for this day, and the correspond- 
ing averages on the other two days. 

It is shown later that a convenient parameter 
for defining the variation in amplitude is r(0)"?. 
Table II indicates the ratio of maximum-to- 
minimum values of this parameter for the six day- 
time autocorrelograms and for the remaining six 
night-time autocorrelograms, for each day for 
each observatory. In addition in the last two 
columns the variations of this ratio for the three 
daily means are given, both for the mean of the 
six day-time sets and for that of the six night- 
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Fic. 1, Autocorrelograms for the vertical field intensity fluctuations at Meanook magnetic 
observatory for six day-time periods on August 2, 1957. 
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___ Aug. 1,1957 


r (k) gammas2 —+ 


*—~ Aug. 2,1957 


Aug.20,1957 


Fic. 2. The mean day-time autocorrelograms for the vertical field intensity fluctuations 
at Meanook magnetic observatory, August 1, August 2 and August 20, 1957. 


time sets. It is clear from Table II that variations 
of about four-to-one in an average day can be 
expected at all observatories between the most 
disturbed and the quietest two-hourly intervals 
nearest local noon, and more than two-to-one 
between the over-all day-time averages. The ratio 
between the most disturbed and least disturbed 
two-hourly intervals nearest local midnight are 
in general larger than the corresponding ratio for 
the day-time intervals except at Resolute Bay. 
This is to be expected. 

The mean autocorrelation function for each 
observatory for the day-time and night-time 
periods are shown in Figure 3, and are remark- 
ably similar. In this figure the corresponding geo- 
magnetic latitudes of the stations are indicated, 
together with the local time intervals in which 
the data have been assembled. The mean day- 
time autocorrelation functions were then used to 
calculate three parameters. Two of these parame- 
ters are shown to be the statistical errors which 
arise in aeromagnetic surveys because of non- 
linear geomagnetic time variations, when the 


usual survey techniques (Balsley, 1952) are em- 
ploved. 

The first parameter a(t) is the root-mean- 
square change in Z(t) over the time interval r: 
by definition 


= [Z(t +r) Z(t)? 
= 2[r(0) — r(r)] 


and can be simply calculated once r(7) is known. 
The second parameter 6(7) is related to the 
errors involved in a network of base-loops. Re- 
ferring to Figure 4(a), it should be clear that 
when a base-line is flown first in one direction and 
then in another, at a time y from the turn-about 
point the error 6(y) produced by transient mag- 
netic disturbance in the usual base-line adjust- 
ment to an arbitrary datum, can be written 


Z(t+ y) + Z(t — y) 
? 


d(y) = -— Z(t). 


TABLE IT. THe Ratios r(0)"? Max.:r(0)!? Min. BETWEEN INDIVIDUAL INTERVALS IN THE 
THREE SELECTED Days, AND BETWEEN THE MEANS FOR INDIVIDUAL Days 


Observatory 


Victoria 
Meanook 
Yellowknife 
Baker Lake 
Resolute Bay 


.6 


w 


Mean 


| Day-time r(0)!? max:r(0)!? min. Night-time 7(0)"? max.:r(0)!? min. 


| Aug. 1 | Aug. 2 | Aug. 20| Aug. 4 ||} Aug. 1 | 


Aug. 2 | Aug. 20 | Aug. 4 | 


| 


| 


w 
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This adjustment is of course perfect for linear 
drift or a magnetic field disturbance linearly 
changing with time, but as Figure 4(a) indicates, 
in general 6(v) does not equal zero. Averaging 
over all the network of baseloops is equivalent to 
averaging over all values of f 


Zit+y) — 
6°(y) = 


) 


— ~ 20 


[Zt + y) — ZO] [Ze — 20] 
2 2 


3 1 
— 2r(y) + r(2y). 


Defining the r.m.s. error along any base line to a 
time 7 from the turnabout point as 8(7) then 


1 T 
B%(r) = 
0 
Therefore, 


3 
B*(r) = : r(O) — f r(y)dy 
0 


1 tT 
+— f r(2y)dy 
2r 0 


and can be evaluated numerically for the auto- 
correlation functions of Figure 3. 

The third parameter corresponds to errors 
along a traverse line assuming adjusted values at 
the intersection with base lines, and linearly in- 
terpolating between the two base-line traverse 
intersection errors to correct the profile. This 
problem is an exact analogy of the study by Ser- 
son and Hannaford (1957) of the errors in large- 
scale magnetic charts assuming linear interpola- 
tion between scattered observations. For com- 
pleteness their result is reproduced here with a 
different notation. Consider base lines at inter- 
vals p. The interpolated representation at a time 
y after the nth base-line traverse intersection is, 
referring to Figure 4(b), 


(1 — y/p)Z(np) + Z(np + p) 


where 0<y<p and » is an integer. The error is 


Z(np + y) 


— (1 — y/p)Z(np) — - Z(np + p). 


The average over all , for a given value of y is 
found by squaring and averaging, giving 


= 2[1 — + (y/p)*Ir(0) 
+ 2[y/p — (y/p)*|r(p) 


The mean-square error along a profile of length 
equivalent to a time 7, y?(7) is obtained by aver- 
aging e(y) over all y from 0 to 7 and putting 


p=T: 


1 1 
V(r) = f e(y)dy = r(O) + r(r) 


4 T 
= (1 — y/7)r(y)dy 


and again can be numerically evaluated for each 
autocorrelation function. It should be clear that 
again linear effects are perfectly compensated and 
lead to zero error as one would expect, and that 
in practice these two errors interact, though in 
the above treatment they are considered inde- 
pendently. 

The quantities a, 6 and y were estimated from 
the autocorrelation curves for t= 2.5 k min. where 
k=0, 1, 2, 4, 6 and 8, corresponding to the case of 
practical interest where traverses are usually ar- 
ranged to intersect base lines every 5 to 20 min- 
utes, and base lines are in general equal to or less 
than their length. Figure 5 shows the results for 
the day-time averages, plotting a, 8 and y against 
72. Tt is clear that to a good approximation, in 
this time range, a, 8 and y are proportional to 
7? and the same ratio of slopes is found at all 
observatories, namely 1:0.50:0.42. This linear 
dependence on 7"? confirms the earlier suggestion 
of Whitham and Loomer (1957) and the implica- 
tions contained therein regarding the increase of 
accuracy with increased looping. Furthermore 
the uniform ratio of the slopes of the a and y 
straight lines shows that the r.m.s. errors along 
traverses 7 min. long is about 0.42 the r.m.s. 
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Fic. 3. The mean autocorrelation functions for the three selected days at five magnetic observatories; the data 
are grouped into an average of those intervals nearest to the corresponding local noons, and an average of those 
nearest the corresponding local midnights. 


change over the interval 7, i.e. the diurnal correc- only, and that at other times and other seasons a 
tion between base lines. This compares favor- maximum in @ and y between 65 degrees and 70 
ably with the estimate of 0.5 made by Whitham degrees N (the auroral zone) may occur. How- 
and Loomer (1957) on general grounds and ever it seems likely that the earlier conclusion 
should, of course, be more precise. The magni- (Whitham and Loomer, 1957) is valid, and that 
tudes of a, 8 and y in Figure 5 refer only to the in general perturbations in field intensity any- 
day-time average of the three selected days, and where in Canada will not exceed those at Baker 
as Table II shows, large variations between ave- Lake more than twofold. 

rage days and even larger variations diurnally The magnitude of the errors for a sample of 
occur. Figure 6 shows the variation with latitude average magnetic conditions is clear from Figures 
of 6 (10) and y (10). It should be emphasized 5 and 6. With base-lines 10-minutes long, errors 
that this latitude variation is valid for thissample of 10 gammas in adjusted base-line values are 
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cADJUSTED VALUE 


nptp np+2p 


Fic. 4. (a) Linear adjustment of error along a base-loop. 
Fic. 4. (b) Linear adjustment of a profile to arbitrary datum at points p apart. These diagrams are clearest if 
an ideal magnetic control situation is envisaged with no navigational errors and a completely uniform geology. 


latitude 72 
degrees N, and independent profile errors greater 
than 10 gammas north of latitude 75 degrees N. 


produced north of geomagnetic 


An improvement of these figures to 2.5 gammas 
requires in theory 4° or 16 times as much control. 
It should also be clear that in general it is prefer- 
able in a magnetic control pattern to fly base- 
loops some 25 percent shorter than traverse lines, 
and that errors of the idealized type 8 and y dis- 
cussed above occur substantially no matter how 
complicated the control pattern is made. Again if 
intersection differences are plotted against time 
and a smooth curve drawn through the points 
and used for correcting the profiles, the improve- 
ment in the accuracy of correction for irregular 
disturbance is not important. However there may 
be improvements in the reduction of other errors 
such as those caused by uncertainties in the 
plane’s position. 


An Approximate Theory 


The experimentally derived straight lines of 
Figure 5 can be explained by the fact that for 
7<20 minutes, the autocorrelation functions of 
Figure 3 can be approximately represented by 
r(r)=A—Br. Then, 


a’(r) = 2[r(0) r(r) | 


3 
£0 


r(2y)dy 


=) Bes 2. 


- 


4 
f (1 — y/r)r(y)dy 
T 0 


Br/3. 


Therefore a, 8 and y are proportional to 7? and 
their slopes are (2B)"*, (B/2)"2, 
(B/3)'?, the ratio being 1:0.50:0.41 in excellent 
agreement with the results of Figure 5. Since 
r(t) becomes zero at approximately the same 
value of 7 (20 minutes) for all observatories for 
this sample, B+r(0)/20 gammas?/min., and 
therefore a, 8 and y are proportional to r (0)"?. 
Referring to Table II the diurnal and daily vari- 
ability of a, 8 and y in the sample should be clear. 

The data are insufficient to define clearly the 
diurnal properties illustrated by Whitham and 
Loomer (1957). features 
reported earlier can easily be seen. Thus Figure 7 
illustrates the ratio of mean day-time to night- 
time disturbance (as defined by r(0)"”) as a func- 
tion of geomagnetic latitude. The dominant day- 
time activity north of the auroral zone contrasts 
with the dominant night-time activity in the zone 
and its southern edge. At Baker Lake to the north 
and Victoria to the south, the day-time and night- 
time activities are about equal. 

Figure 8 illustrates the variation with geo- 


respective 


However, the gross 
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Fic. 5. Plots of the mean day-time values of a(r), B(r) 
and 7(r) against 71? for five observatorie 
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lic. 6. The variation of 8(10) and (10) for the sample 
with geomagnetic latitude in Canada. 
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Fic. 7. Illustrating the gross features of the diurnal 
variation of irregular disturbance with geomagnetic 
latitude. 
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Fic. 8. The variation of the mean day-time irregular 
disturbance with geomagnetic latitude for the three 
selected days. 


magnetic latitude of the day-time average r(0)"? 
for the three selected days. On one day only does 
the day-time activity rise appreciably north of 
the auroral zone; it is rather interesting to note 
that the planetary index Kp appears to be 
weighted towards middle latitude disturbance, 
and may therefore be unsatisfactory for discuss- 
ing high latitude disturbance. 
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Accuracy of the Autocorrelation Functions 


The error for a finite length of series, namely 
2 hrs=48X2.5 min, for any period mX2.5 min 
present can be shown greater or equal to q percent 
where 


q = 16m/48(1 — m/48) = 16m/48 — m). 


For 20-minute periods, m=8 and g=3.2 percent 
only in one correlogram and is presumably some 
four times smaller in the day-time mean. How- 
ever for 60-minute periods, the error is greater or 
equal to 16 percent in one correlogram. 


Possible Interpretation of the Autocorrelation 
Functions 


The problem of correlogram interpretation is 
very difficult and usually ambiguous (Kendall, 
1955), particularly when short series of data are 
considered as herein. The correlogram might be 
considered as a series of harmonic terms (non- 
vanishing oscillatory correlogram) corresponding 
to ionospheric sources of different amplitude 
and frequency. The square of the amplitude of a 
component present of frequency /, 


G(f) = 2f r(r) cos 2nfrdr, 
0 


and from the correlogram the amplitude-fre- 
quency plot can be determined. 


For example for Yellowknife 
r(r) = 248e~°-" cos 4r 


is an excellent empirical fit to the average day- 
time autocorrelogram for 7<25 minutes. In 
Figure 9 the calculated Fourier transform of this 
function is shown for periods less than 25 min- 
utes. In this period range the amplitude increases 
approximately linearly with period and corre- 
sponds to the short period wing of a resonance at 
a period of 90 minutes with a resonant amplitude 
of 81 gamma. The physical reality of the long 
period resonance is doubtful and the authors be- 
lieve that it is probably a consequence of the 
methods adopted to make the original two- 
hourly sets of data into stationary time series. 
However the decrease of amplitude with decreas- 
ing period in this frequency range may have a 
true physical explanation in terms of the shield- 
ing effects of the ionosphere and the induced ef- 
fects inside the earth. 

Another interpretation is possible. The auto- 
correlation functions of Figure 3 may be regarded 
as indicating damping and are similar to those 
obtained by subjecting random elements to 
smoothing processes. In general the series 
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Fic. 9. The variation with period of the square of the amplitude of a periodic component 
for periods less than 25 minutes at Yellowknife, N.W.T. 
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with the weights 
w; = e sin 70/sin 6 


acting on the random elements € has a correlo- 
gram r(k) which can be shown equal to 


sin(kO+W) /sin with 
tany = (1 + tan@/(1 — 


and g>0 (Kendall 1955). This weighting of ran- 
dom elements is the equivalent of applying a 
filter with a response at frequency /, 


f 


which can be determined analytically in this case. 

Figure 10 shows attempts to fit the mean day- 
time autocorrelation function at Yellowknife to 
this theoretical scheme. A better fit than the 
three curves shown is obtained for 0=4 degrees, 
g=0.04 but with y arbitrarily put equal to 90 
degrees. Since, for short series of this sort, failure 
to damp sufficiently rapidly can be expected, there 
is obviously considerable ambiguity regarding 
the best fitting parameters. The extreme cases 
6=4 degrees, g=0.04 and degrees, g=0.013 


R(f) 


are considered below. 
The weights 


w; = e sin 70/sin 6 


acting on random element €;_;+; can be calculated 
once g, # are defined. This weighting action, or 
smoothing, can be regarded as produced by Yel- 
lowknife observatory rotating with the earth 
under a random distribution of magnetic sources 
in the ionosphere. The weights can be calculated 
for different models, and compared with the 
weights w; to distinguish which model is most 
reasonable. At Yellowknife (latitude=62.4 de- 
grees N) when k=1 minute, the appropriate unit 
of distance from the rotation of the earth is 
x=12.85 km. 

Consider a planar random distribution of poles 
at height #. A unit pole at a horizontal distance 
nx from Yellowknife introduces a perturbation 


AZ = h/(n?x? + h?)8!?, 
At this distance the annular area containing such 


poles is 2rmx*dn provided n >1. Consequently the 
weight w, applied to random poles in the annular 
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Fic. 10. Illustrating attempts to fit the mean day- 
time Yellowknife autocorrelation function to theoretical 
functions. 


area is 
hnx*/(n?x? + h?)3/? forn > 1 


The series can be written on normalizing 


with 


= nh?/(n?x? + h?)3/?, n => 1. 


Comparison with the ideal series 


sin 20 


sin @ 
can be done in two ways. The maximum value of 


@, occurs when i= V/ 2nmx and of w; when 
tan (jm + 1)0 = 6/q. 


Equating Jm=%m determines h. For degrees, 
g=0.013, h=340 km. and for 0=4 degrees, 
qg=0.04, h=255 km. Alternatively the value of 
the maxima can be compared. Thus, 


tm = (3/2)*/*w,(max). 


Since for 0=4 degrees, g=0.013, the maximum 
value of the series is 11.0, ”,,=20.2 and h=365 
km. A similar estimate for 02=4 degrees, g=0.04 
gives h=235 km. 
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Fic. 11. The theoretical weights appropriate to values 
qg=0.04, 6=4 degrees and the weights appropriate to a 
planar distribution of vertical dipoles at 400 km. 


Although these possibilities are physically rea- 
sonable, the weights in the series for AZ do not 
go negative and the fit at large distances is ob- 
viously poor. Consideration of a thin layer of 
dipoles removes this difficulty. Then similar 


arguments show that 
AZ + wy + wre, + 
with 
— hen*x? 2| (h? + n> 1 


which again can be compared with the ideal 
series, but now in three ways. The maximum 
value of w, occurs when /}=2.31n,,x. Therefore, 
for 0=4 degrees, g=0.013, 4=560 km and for 
6=4,degrees,g=0.04, 4=415km. Similarly, equat- 
ing the value of the maxima gives #7», = 1.7w,(max), 
and the values of 4 are 555 km and 360 km 
respectively. Finally the weights go negative 
after a value n_ given by n_+1=7/6, or n_=44, 
with h=n_x/2'/?, The calculated heights are 400 
km for both cases. 

The most constant results are given by a thin 
layer of vertical dipoles at a height of approxi- 
mately 400 km. (corresponding to 6=4 degrees, 
g=0.04). Figure 11 shows the corresponding 
weights plotted against the theoretical weights. 
The agreement is remarkably good. More com- 
plicated models such as thick layers of poles or 
dipoles and line current elements may also be 
examined by this technique, or by evaluating the 
autocorrelation function for specific models nu- 
merically. The results would be as ambiguous as 
those indicated above (see, for example, Serson 
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and Hannaford, 1957 for calculations of the direct 
method) and the labor involved is not considered 
justified. It should, however, be noted that a 
thick layer of dipoles extending from 200 km 
through the ionospheric F-layers would provide 
as good a fit as a thin layer at 400 km, and is 
physically much more realistic. 

Although models of this type are physically 
reasonable, it should be clear that since the scale 
length increases with co-latitude, g must increase 
with co-latitude to maintain the same source 
height. There is some evidence for this in inter- 
comparing observatory autocorrelograms. 


THE DIRECT APPROACH Z 
Investigation of Horizontal Gradients of Geomag- 
nelic Time Variations 

In September 1959 a pair of recording proton 
precession magnetometers was set up near Ed- 
monton, Alberta, in order to obtain direct com- 
parisons of total field intensity (Ff) at stations 
less than 100 miles apart. Each instrument in- 
corporated a standard electronic counter which 
measured, to the nearest 10 microseconds, the 
time required for 1,000 cycles of the precession 
signal. The digital output of the counter was 
changed to an analog output by a simple elec- 
tronic converter so that a continuous record could 
be obtained on an Esterline-Angus meter from 
signals spaced 30 seconds apart. The full-scale 
sensitivity was 10~* seconds, corresponding to 
approximately 150 gammas. Since only the fourth 
and fifth of the five digits registered on the 
counter controlled the meter deflection, the pen 
always remained on scale. A change in the third 
digit between successive readings caused the pen 
to travel to the opposite side of the chart. Such 
automatic stepping was quite unambiguous ex- 
cept during very large magnetic storms. The 
meters were clock driven, and it was necessary to 
check and correct the chart times regularly with 
radio time signals. In this way synchronization 
errors were held to less than 60 seconds. 

One of the magnetometers was set up at 
Meanook Magnetic Observatory and operated 
continuously from August 28th to September 
10th. The second one was operated 93.8 miles to 
the south at Calmar for a period of 65 hours from 
00:00 U.T. on September 3rd to 17:30 U.T. on 
September 5th. It was then removed to New- 
brook, 25.6 miles southeast of Meanook, and 
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operated for 68 hours from 00:00 U.T. on Sep- 
tember 6th to 20:00 on September 8th. Finally, 
the two magnetometers were operated about 50 
feet apart at Meanook for 24 hours. The loca- 
tions of the three stations are shown in Figure 12. 
The geomagnetic latitude of Meanook is 62 de- 
grees N. The observatory is located about 300 
miles south of the center of the zone of maximum 
auroral frequency and geomagnetic disturbance. 
Overall magnetic activity in this region is very 
high, the hourly Z ranges usually being within a 
factor of two of those at the most disturbed loca- 
tions in Canada. 

Readings were scaled off the Esterline-Angus 
charts at intervals of 2} minutes and converted 
to F. In the analysis that follows time variations 
are represented by a sequence of values of F,—F,, 
where F,, is the best estimate that can be made 
of the undisturbed absolute intensity at a par- 
ticular station and F,, is an instantaneous value 
of total intensity at the station. At Meanook 
successive 2} minute values of F,—F, are de- 
signated by ©, and at Calmar or Newbrook by 
®,. To study the time variations the following 
quantities were computed: 


24 


- 


B 
24 n=1 


Here ©,,—®,, is the difference in the time variant 
part of total intensity between a pair of stations 
at a given time, and @ is the r.m.s. difference 
over a given hour: a» is a measure of the magnetic 
activity for an hour, being the r.m.s. departure 
from the hourly mean of the total intensity at 
Meanook. Both quantities were computed on 
an I.B.M. 650 machine for every hour in which 
satisfactory records were obtained. Plots of 6 vs 
on for the Meanook-Calmar pair and the Mea- 
nook-Newbrook pair are shown in Figure 13. 
Least-square straight lines through the origin 
have been fitted to the points. 

It is clear that 8 increases with the level of 
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Fic. 12. The location of the two pairs of recording 
magnetometer stations. 


geomagnetic activity and with the separation of 
the stations. The r.m.s. residual from the least 
squares straight line through the Meanook- 
Calmar data is 20 gammas, and from that 
through the Meanook-Newbrook data is 4 
gammas. This large scatter of the individual 
points illustrates the complexity of the diurnal 
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MEANOOK — CALMAR 
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Fic. 13. (a) Plot of 8 against o, for Meanook-Calmar separation. 
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Fic. 13. (b) Plot of 8 against o, for Meanook-Newbrook separation. 
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problem in regions near the auroral zone. The 
relationship between 8 and o, can be expressed 
only as a statistical trend, and an accurate esti- 
mate of the level of magnetic activity at a single 
station will not give a reliable prediction of 8 ex- 
cept over time averages much longer than one 
hour. 

The computed values of 6 depend critically on 
the undisturbed field value, F,, chosen for a sta- 
tion. Thus if the value chosen from Meanook 
is in error by @ gammas, and for either Calmar or 
Newbrook by y gammas, the true value of the 
r.m.s. difference over a given hour is 


= 


where 


24 
> (0, — #,)? 
n=l 


Plots of B vs o, should pass through the origin. 
If they do not, the intercept on the $-axis is 
equivalent to e. Figure 13 shows that whether a 
straight line or a more complex curve is fitted to 
the individual points, the 8 intercept will not, in 
either case, exceed 2 gammas. Table III shows 
examples of the magnitude of 8’/8 computed 
from the expression above, if € is taken to be +2 
gammas. 
B'/B is within a few percent of unity only if 


24 
— ®,)? > (O,, ®,,). 


Some of the scatter in the points plotted in 
Figure 13 may therefore be caused by an error € 
of 2 gammas or less. Clearly, a good quantitative 
estimate of the difference in time variations of 
the geomagnetic field between two locations can- 
not be achieved unless very reliable drift-free in- 
struments are used. Great care must be exercised 
in establishing F,, at the various stations. 

At Meanook F,, was computed from all quiet 
portions of the record. The mean quiet value of 
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TaBLe III. THe Ratio OF r.m.s. TIME VARIATION D1F- 
FERENCES ASSUMING AN ERROR OF 2 GAMMAS IN THE 
DIFFERENCE IN THE UNDISTURBED FIELDS 
At Two Locations 
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F,, was determined for each hour of the day, and 
the mean of the 24 hourly values was taken to 
be F,. The average differences in total force be- 
tween Meanook and Calmar, and Meanook and 
Newbrook were then computed from all available 
quiet time data on the records to obtain F,, at the 
two satellite stations. Thus, if F,, at Meanook is 
in error by an amount a, the error y at Ca]mar or 
Meanook should have the same sign and nearly 
the same magnitude. The compound error 
€=a—y is minimized with this procedure. 

To investigate the statistical dependence of the 
difference in total force between a pair of stations 
on the level of magnetic activity, r.m.s. values of 
(0, —®,) were computed over times of approxi- 
mately 10 hours. To do this individual hours were 
grouped together according to their value of on. 
Thus, for the Meanook-Calmar pair all hours 
having o, in the range 0-8 gammas were placed 
in one group, all hours with o» in the range 9-16 
gammas in another group, and so on. For each 
group the quantities 


1% 
B > (0, — 


= n=1 


1/2 


and 


H 1/2 


oh” 


n=1 


were calculated. H is the total number of hours in 
a group and @ is the r.m.s. value of o, for the 
group. N is the total number of 2} minute values 
within the group, and B is the r.m.s. difference in 
total intensity over the time 2} NV minutes. The 
results are tabulated below in Table IV. N is not 
usually equivalent to 24 H because short portions 
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TABLE IV. THE DEPENDENCE OF B ANDO ON THE 
r.m.s. DistURBANCE IN Eacu Hour, on. 


Range of H 
on gammas 


B 
gammas gammas 


I—Meanook—Calmar 


0-8 12 271 8.6 
9-16 12 287 12.5 52-6 
17-23 11 253 20.2 25.3 
24-43 10 240 39.3 
>43 12 277 66.5 69.2 
Il-—Meanook— Newbrook 
0-10 10 229 6.5 a 
10-26 10 240 18.0 6.4 
>26 10 234 45.3 12.2 


of some of the records were lost due to temporary 
power failures, excessive magnetic disturbance, or 
electrical noise picked up by the magnetometer 
coils. For some hours, therefore, less than 24 
values were available. 

B is plotted against ¢ in Figure 14. The equa- 
tions of the least-squares straight lines, not forced 
through the origin are: 


Meanook-Calmar B = 1.89 + 1.19¢ 


Meanook-Newbrook B = 1.94 + 0.23¢. 
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If the assumed linear relationship between B and 
a were strictly valid, the positive intercepts of 
these lines would be equivalent to €, and corrected 
values of B could be computed. However, the 
points could undoubtedly be fitted by smooth 
curves having negligible intercepts, so that it is 
difficult to tell how much the intercepts com- 
puted above depend on a true error €, and how 
much they depend on forcing the linear relation- 
ship. Nevertheless, it is clear that € is smaller 
than 2 gammas, and consequently none of the 
computed values of B can be in error by more 
than 10 percent. Least-squares straight lines 
through the origin have been adopted. Their 
equations are 


B = 1.076 
B = 0.294, 


Meanook-Calmar 
Meanook-Newbrook 


the standard errors of the slopes being 0.03 in 
both cases. The r.m.s. residuals are 2.0 gammas 
and 1.1 gammas respectively. 

It s concluded that over a long time averages 
the r.m.s. difference in the variations of total in- 
tensily between a pair of stations is directly pro- 
portional to the activity @ in the range from zero 
to 5{) gammas. Furthermore, the ratio of the 


MEANOOK- CALMAR 


10 MEANOOK —NEWBROOK 
+ 4 4 + 4 
10 20 30 40 50 60 70 80 90 100 


gammas 


Fic. 14. Plots of B against o with least-squares lines through origin. 
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slopes of the straight lines is 3.7, and the ratio of 
the separation of the pairs of stations is 3.7. This 
suggests that, in this region, B is roughly pro- 
portional to the separation of the stations in the 
range zero to 100 miles, i.e. B=«xod where d is the 
separation in miles and x is a constant. The aver- 
age value of « for the two pairs of stations is 
0.011 gammas per unit r.m.s. level of hourly ac- 
tivity per mile. 

The following points must be emphasized: 

(1) This result is only valid when long time 
averages (~10 hrs) are considered. 
Records from more than two pairs of sta- 


tions are required to substantiate that 
B/ad is really constant over the range of 
100 miles. At greater separations B will 
probably approach a saturation value. The 
azimuth of the line of stations may also be 
important. 


(3) Disturbances with periods shorter than a 


few minutes are largely ignored in this 
treatment; more research is necessary to 
establish that the statistical pro- 
portionality is valid for shorter period dis- 


same 


turbance. 


A pplication to Aeromagnetic Surveys 


The relation B=xed provides a ready method 
of estimating the size of error to be expected if a 
single ground control station is used to correct 
for time variations during an 
netometer survey within a radius of 100 miles. 
For example, at a distance of 50 miles from Mea- 
nook at a time when the hourly r.m.s. activity is 
10 gammas, the predicted r.m.s. error (B) is 5.5 


airborne mag- 


gammas. Alternatively the relation can be used 
quantitatively indicating magnetic 
conditions are sufficiently quiet for a flight to be 
undertaken. However, the scatter of the points 
in Figure 13 clearly demonstrates the large un- 
certainties attached to such predictions for in- 
dividual hours. It should be stressed that the 
value of x estimated here applies only to the 
Meanook-Edmonton region. In other areas and 


for when 


at other seasons a simple linear relationship may 


not be valid. The models discussed earlier which 
appear capable of explaining the shape of the 
autocorrelation functions of magnetic disturbance 
suggest that for east-west separation of stations 
B(d) is analogous to a(r) and hence B(d) « d'!? 
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over distances less than 100 miles. Much more ex- 
perimental work is required to establish that B 
depends ono and d in a truly consistent manner. 

Before it is possible to judge if the empirical 
relationship can be usefully applied, it is neces- 
sary to estimate the percentage of time for which 


geomagnetic disturbances are small enough for 
airborne surveys, with the direct correction ap- 
proach, to be undertaken. To do this, the number 
of hours in September 1959 for which the r.m.s. 
error B lies within a certain range have been es- 
timated. The results are displayed in the his- 
tograms of Figure 15. Between Meanook and 
Calmar B was less than 10 gammas for 44 percent 
of the total number of hours (720) in the month, 
while between Meanook and Newbrook B was 
less than 5 gammas for 69 percent of the month. 
Since the proton precession magnetometers were 
not operated throughout all of September, these 
histograms were derived by an indirect approach. 
The hourly Z ranges were measured from the 
Meanook LaCour magnetograms for the whole 
month, and the Z ranges plotted against op 
for 102 hours during which proton precession 
records were available. The least-squares straight 
line through the origin is Zrange=3.36 on, the 
standard error of the slope being 0.09. A value of 
B was derived for each of the 720 hourly ranges 
by means of this relation and the earlier relations 
between B and a. 

The average value of the index A, for Septem- 
ber 1959 was 28, indicating that the geomagnetic 
disturbance level for the month was rather high, 
about 40 percent higher than the average for the 
two years 1958 and 1959. Thus, the frequency 
distributions of B over a longer time (say, a year) 
would probably contain higher percentages in the 
lower ranges. The above results refer to all hours 
of the day; the day and night-time differences 
are illustrated in the first part of the paper. 

It might be remarked that in a practical ap- 
plication of a direct correction, errors of the type 
€ are unimportant since the datum of an aero- 
magnetic chart is arbitrary. 


OF THE DIRECT AND INDIRECT 


APPROACHES 


A COMPARISON 


Both the approaches investigated in this paper 
provide quantitative estimates of the errors asso- 
ciated with two distinct survey techniques for 
hypothetical cases and at particular times. A 
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Fic. 15. (a) Histogram of percentage of hours in September 1959 with r.m.s. difference 


in total field intensity between Meanook and Calmar. 
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Fic. 15. (b) Histogram of percentage of hours in September 1959 with r.m.s. difference 
in total field intensity between Meanook and Newbrook. 
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rigorous comparison of the two methods is not 
possible, but an approximate one can be made in 
the Edmonton-Meanook area using the formulae 
outlined earlier together with other simplifying 
assumptions regarding the data samples used. 
Thus with 2.5 minute looping (say, 6 miles) in this 
region, the results of Figure 5 indicate overall 
errors in the indirect approach of (6?+~y*)!/? = 1.6 
gammas during the day-time hours of three days, 
for which Ap=8.3. When A,=28, a reasonable 
estimate of the overall r.m.s. error is 5 gammas. 
This becomes equal to the r.m.s. error for ap- 
proximately 70 percent of all hours if direct cor- 
rections were made from a station 26 miles dis- 
tant, assuming, of course, the time synchroniza- 
tion is perfect. Corrections from a ground station 
50 miles away would be two times more uncertain 
in this region: the same result is obtained with 


24-mile spacing using the indirect method. 

It must be emphasized that the problem of the 
time synchronization of records, data-handling 
problems in obtaining intensity data in a reci- 


procal form in certain techniques, and considera- 
tions of the costs and logistics of different tech- 
niques have necessarily been ignored. Such con- 
siderations may strongly influence the practical 
application of the theoretical results above. For 
example, with many large surveys the density of 
ground stations required for a given accuracy 
may be impractical. Again extrapolation of these 
conclusions to other regions and conditions of dis- 
turbance may not be valid. 
FUTURE WORK 

Much work remains to be done in different 
geographical locations on the change of coherency 
of irregular magnetic disturbance with increasing 
separation and increasing disturbance. Station 
pairs along north-south and east-west lines should 
be occupied to test the ideas given above. It is 
clear to us that unless the data obtained are 
handled digitally, no more than qualitative con- 
clusions can be reached. We therefore plan using 
recording proton precession magnetometers with 
tape-punch output (suitable for machine process- 
ing), an analog recording device for monitoring 
purposes and automatic time control from a suit- 
able secondary time standard. This should re- 
move the manual steps and some of the uncer- 
tainties in the work described above. 
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With the data available directly in digital form 
the spatial coherency of disturbance as a function 
of the period of the disturbance can be examined. 
At the short period end (10- to 100-second 
periods) comparitively local geological effects, 
the influence of the sea, etc., may be found: at the 
long period end (12, 24-hour periods) the co- 
herency would be expected to remain high for 
greater distances. 

It is clear that the validity of the survey pro- 
cedures discussed above requires further experi- 
mental and theoretical investigation. 
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A SIMPLE INTEGRAL TRANSFORM AND ITS APPLICATIONS TO SOME 
PROBLEMS IN GEOPHYSICAL INTERPRETATION* 


A. ROYt ano S. JAINt 


Abstract: A simple integral transform, defined by 


+2 
f(x) -f F(x, y)dv, 


where /'(x, y) represents the measured geophysical field and x and y are suitably chosen directions, has been used 
for formulating convenient interpretation techniques to some geophysical problems that are normally not amenable 
to easy quantitative interpretation. Some synthetic numerical examples are given. 


INTRODUCTION 
It is well known that the application of integral 
transforms of the form 


b 


F(x, y)K(y, p)dy 


f(x, p) = 

to the solution of a problem reduces the number 
of variables by one. Here F(x, y) is the function 
to be transformed, A(y, p) is the kernel of the 
transform and p is an integral variable assuming 
values 1, 2, 3, -- - . More specifically, by the use 
of integral transforms, a three-dimensional prob- 
lem can be reduced to a series of two-dimensional 
problems and a two-dimensional problem can be 
broken up into a series in one dimension. The re- 
sults of the reduced series are then suitably com- 
bined to give an inverse transformation, which is 
the answer to the original problem. 

While the above outline appears simple enough, 
practical difficulties arise. First, the numerical 
evaluation of the integral is often time-consum- 
ing because the value of the weighting function 
or the kernel A(p, y) is different for different 
values of y. Second, it is necessary to find the 
transform separately for quite a few integral 
values of p starting from unity, the actual num- 
ber depending on the rate of convergence. Third, 
the solution to the original problem has to be re- 


* Manuscript received by the Editor August 29, 1960. 


covered by taking an inverse transform, a process 
which is not without labor. This recovery is only 
possible because the missing variable y remains 
dormant in the parameter p. The reduction of a 
dimension is only apparent and partial, because 
the continuous variable y is merely replaced by a 
discrete variable p. The long numerical processes 
tend to annul the advantage of using the integral 
transforms in many of the problems. 

In this paper, a much simpler transform of the 
type 

+2 


F(x, y)dy 


f F(x, y)dx 


will be examined. It is clear that the numerical 
evaluation of such an integral will be very easy 


f(x) (la) 


fly) (1b) 


because (1) the kernel is simply unity and is in- 
variant with the x or y co-ordinate and (2) the 
integral parameter p is absent. For the latter rea- 
son, however, a unique inverse of (la) or (1b) 
cannot be taken. This is a blessing in disguise be- 
cause the labor involved in the operation of find- 
ing the inverse is altogether eliminated, provided, 
of course, one makes certain that the character- 
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istic properties that are to be determined from the 
solution of the original problem are not altered 
by the application of (la) or (1b). For actual 
computational work, (la) and (1b) can be ap- 
proximated as closely as one pleases by the follow- 
ing sums: 


Ay F(x, y,) 


Ax y). 


In this work, F(x, y) will be identified with the 
various types of geophysical anomalies observed 


(2a) f(x) 


(2b) t(y) 


on the ground surface. It will be found that the 
application of this transform will provide us with 
methods of interpretation in many cases in which 
simple interpretation rules are not otherwise 
available or derivable. 
FINITE LINE SEGMENT 

Gravity or Vertical Magnetic Anomaly 

The vertical field at any point (x, vy) due to a 
line of ordinary or magnetized (monopolar) mat- 


ter having a length 2/ and an orientation along 
the y direction is 


F(a, y) = g(x, y) 


ymh 


+ h? + (y — I)? 
I+ y 


(3) 
Vx? + h? + (y + I)? 


where y is the gravitational constant, m is the 
mass (or pole) per unit length and /: is its depth 
below the ground surface (.., y, 0). On integrating 
(3) along the y direction according to (la), one 
gets 

2y(2ml)h 
(4) f(x) 

x? + 


field of an 
infinitely long line mass at the same depth / and 
oriented along y. The depth is given by h=.x;,», 


which is nothing but the anomaly 


where 1/2, as usual, is the distance from the maxi- 
mum point to that at which the anomaly falls to 
half the maximum value. 

If, on the other hand, the expression (3) is in- 
tegrated along the x direction according to (1b), 
one obtains 
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f(y) = 2ym|arctan} (1+ y)/hj 


— arctan} (y — 2) /h} | = 2yme, (5) 


6 being the angle subtended by the line segment 
at any point on the y-axis. Relation (5) expresses 
the gravity anomaly due to an infinitely long 
strip of depth /, width 2/, mass per unit area m 
and orientation along x direction. The values of 
both #4 and 2/ can be easily determined by a 
simple geometrical construction Egyed (1948) 
and Jung (1953). 

A numerical example of interpretation by this 
method is shown in Figure 1. The predicted val- 
ues of # and 2: are 1.01 and 2.07 units respec- 
tively, and check excellently with the theoreti- 
cally assumed values. Figure 1(a) also shows the 
simple template used for the computation with 
Axv=Ay=0.2 unit. All one has to do is to hold 
the transparent template parallel to the axis of 
integration at various positions along the orthog- 
onal axis, sum the field values at each division on 
the template on a calculating machine and multi- 
ply the sum by 0.20. The total time taken in this 
particular example in evaluating the two integra- 
tions along x and y directions and the interpreta- 
tions shown in Figures 1(b) and 1(c) was only 
three hours. It is obvious that the value of the re- 
maining unknown, that is, m, can also be deter- 
mined easily enough. 


Horizontal Magnetic Anomaly 


If X and ¥ are the two components of the hori- 
zontal force caused by the same line segment, 
then it is found that 


2(2ml)x 
Xdy = - & Ydy = 0. (6) 


This is of course the horizontal anomaly of an 
infinitely long line pole, whose depth is simply 
equal to 3|Xmax—Xmin| of the integrated profile. 


«| 


Integration with respect to the x axis, on the other 


hand, gives 


f Xdx =0 & Vdx = 2m 1n (r,/re), (7) 


where 7; and rz are the distances of a profile point 
from the two ends of the line segment. The right- 
hand sides of the equations in (7) express the hor- 
izontal anomaly of an infinite strip of width 2/ 


; 
= 
’ 
| 


A SIMPLE INTEGRAL TRANSFORM 


Fic. 1. (a) Gravity anomaly contours (milligals) caused by a line segment 2 units long, 1 unit in depth and mass 
per unit length 5X10‘ gms. (b) Profile after integration along x direction, that is, across strike. Dashed lines and 
arcs show Egyed’s construction. With center O and radius OA =x, 2, draw a circle. An arc with center M and radius 
MB (OB=x,;;) cuts this circle at two points. A straight line joining the two points of intersection defines the line 
segment. (c) Profile after integration along strike and its interpretation. 
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Fic. 2. Geometrical location of finite line segment 
from horizontal magnetic anomaly. 


and oriented along the x direction. The distance 
between the two extrema on this integrated pro- 
file is, therefore, 2(2+4°)'/*. The line segment will 
thus be a horizontal chord of the semi-circle with 
center exactly midway between the extrema and 
radius ¥max—Ymiu/. Since is already known, 
the chord can be uniquely located (Figure 2). 


Total Intensity (Aeromagnetic) Anomaly 


Henderson & Zietz (1948) gave methods for the 
interpretation of total intensity anomaly maps 
for point and infinite line sources. In low latitudes 
where both the positive and the negative centers 
are easily discernible, the methods admit of con- 
siderable simplification. For a point pole at a 
depth / and a profile in the magnetic meridian 
through the positive and the negative centers, 
the depth is given by 


and 
1 
cot? / sin? B 


X (shortest distance between 
two extrema), 


(11) 


where @ is the acute angle between the line source 
and the magnetic north. 

For a line pole of finite length 2/, depth / and 
orientation as shown in Figure 3, the aeromag- 
netic anomaly is 


T(x, vy) = mcosl cosg 
rs To 


m(y cos 7 sing — hsin J) 
with 2 and re= 
We then have 


T(x, y)dx 


—20 


2(distance between +ve and —ve centers) 


V8 + 9tan?/ 


I being the known inclination of the terrestrial 
field. The lateral position is obtained (in northern 
latitudes) by measuring a distance of 


1 3 tan / 
2LV8 re 9 tan? J 


(9) X (distance between +ve & —ve centers) 


northwards from the positive center (use minus 
sign) or southwards from the negative center (use 
plus sign). The corresponding expressions for an 
infinite line source are 
cot J sin 8 
cot? / sin? B 


X (shortest distance between 
two extrema) 


h 
(10) 


2(2ml)(y cos J sin 8 — h sin J) 13) 


an expression that describes the aeromagnetic 
anomaly of an infinitely long line pole parallel to 
the x axis and having a pole strength of 2ml per 
unit length. This integrated profile may, there- 
fore, be interpreted for depth and location (on 
plan) by formulae (10) and (11), or the methods 
evolved by Henderson & Zietz and Smellie, de- 
pending on the latitude of the place. Now let us 
subtitute x=x’ sin B+y’ cos B and y=y’ sin B 
—x’ cos B in expression (12), so that the co- 
ordinate axes x and y rotate counterclockwise by 
an angle (90—@) and assume the new positions 
x’ and y’. It is found that 


— 
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Fic. 3. Relationship of the finite line segment to the 
two systems of co-ordinate axes. The plane z=0 corre- 


sponds to flight level. 7 is direction of terrestrial mag- 
netic field. 


x 
f T(x’, y’)dy’ 


= 2}msin /(sin8 + 2/ cos 
-[arctan (a’ + sin B) /h! 
(14) — arctan (x! — /sin B) |. 


In words, if the total intensity anomaly map is 
integrated in the direction of the magnetic me- 


ridian, it results in a profile that may be consid- 


ered as being simply the vertical magnetic anomaly 
resulting from a uniform strip of apparent width 
21 sin B, depth 4 and mass per unit area m sin 
I(sin 8 + 21 cos B), and with an orientation along 
the meridian. Its position can be determined by 
Egyed-Jung’s geometrical construction. In addi- 


tion to determining the remaining unknown 21, 


it also provides a check on the previous depth 


estimate. In some cases, the strike direction may 


not be known with any degree of certainty be- 
cause the line segment happens to be short. Under 
such circumstances, it may be more convenient 
to carry out the integration at right angles to the 
magnetic meridian according to the expression 


h 


— } + 3x04) /(421/2"2) } pve 
sin 8 = + 3x9/4]1/2 P 
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T(x’, y’)dx’ 


instead of the one indicated in (13). It can be 
shown that the resultant profile will be the same 
as the total intensity anomaly caused by a uniform 
strip of apparent width 2/ cos 8, depth h and 
orientation along magnetic east-west. The ap- 
parent width can then be computed from 


cos B 
= [(¥'max — ¥'min)? — 4h? sec? (15) 
since / is already known. The center of the strip 
lies a distance 
| — sec? I + cos? 
northwards from the maximum or a distance 
tan J + (h? sec? J + cos? B)'/?| 


southwards from the minimum. The length of the 
line segment is the square root of the sum of the 
squares of the two apparent widths and its loca- 
tion on plan will be given by a diagonal of the 
rectangle formed by the intersection of the two 
infinite strips. If the maximum or the minimum 
is not well developed, so that relation (15) is not 
usable, one can determine 2/ cos 8 approximately 
from Figure 4+ by measuring the distance be- 
tween the two half-maximum points on the 
J? T(x’, y’)dx’ profile. 

Finite Line Segment of Dipoles: Consider a finite 
line of magnetic dipoles (Figure 3) striking at an 
acute angle 6 with the magnetic north. An inte- 
gration of its anomaly along the strike will virtu- 
ally replace the finite segment by an infinite one 
at the same depth and with the same orientation. 
Its lateral position and depth can be found by 
Smellie’s method, while the length 2/ remains un- 
determined. A second integration along the mag- 
netic meridian will yield a symmetrical profile of 
the vertical magnetic anomaly resulting from an 
infinitely long vertically polarized strip of width 
21 sin B, depth / and orientation along magnetic 
northsouth. If x,’ and xo’ are respectively the 
distances from the maximum point to those at 
which the (integrated) anomaly falls to half the 
maximum value and to zero, then the depth and 
the width are given by 


(16) 


} 
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In case an integration at right angles to the mag- 
netic meridian is necessary, 2/ cos 6 can be roughly 
determined from Figure 5 by measuring, as be- 
fore, the distance between the two half-maximum 
points. 
RECTANGULAR LAMINA 

Whenever the gravity or the vertical magnetic 
anomaly (circular or elliptical) is too wide to be 
explained by a point source or a finite line seg- 
ment at geologically possible depths, the assump- 
tion of a square or a rectangular lamina will offer 


a more satisfactory depth estimate. In particular, 
the approximation is useful in faulted regions of 
low dip, symmetrical anticlines or synclines and 


vertically polarized basement or dykes—when 
these are of limited lateral extent. 

The four unknowns, depth, lengta, width and 
mass per unit area cannot ordinarily be deter- 
mined except by the long procedure of fitting the 
observed anomaly by trial and error. The applica- 
tion of the simple integral transform (la) and 
(1b), however, radically simplifies the interpreta- 
tion problem. 

It is obvious that two separate integrations, 
one along the length and the other along the 
breadth, will result in two mutually orthogonal 
profiles characteristic of infinite strips. These can 


DISTANCE BETWEEN HALF MAXIMUM POINTS 


2 3 

Fic. 4. Dependence of distance between half-maxi- 
mum points on the apparent width 2Z(=2I cos 8) for 
total intensity profiles caused by infinitely long strips 
oriented at right angles to magnetic meridian. All dis- 
tances in units of depth (which is already known). Use 
solid curve. Dashed lines are limits of variation caused 
by changes in inclination [, 
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DISTANCE BETWEEN 
HALF MAXIMUM POINTS 


Fic. 5. Variation of distance between half-maximum 
points with apparent width 2L(=2I cos 8) for total in- 
tensity anomaly profiles of infinitely long vertically 
polarized strips along magnetic east-west. All distances 
in units of depth. Use solid curve. Meaning of dashed 
lines as in Figure 4. 


be readily interpreted by Egyed-Jung’s construc- 
tion and the four unknowns ascertained. Figure 6 
is a numerical illustration where the anomaly 
caused by a rectangular lamina with 6:2:1 as the 
length: width:depth ratio has been interpreted 
by this technique. The interpreted ratio of 
5.76:1.96:0.98 checks very well with that the- 
oretically assumed. 

VERTICAL MAGNETIC FIELD OF A FINITE VEIN 

While the interpretation of vertical magnetic 
anomalies caused by infinitely long magnetizable 
veins has received a great deal of attention in 
geophysical literature (Gulatee, 1938, for ex- 
ample), the problem of finite veins has not been 
adequately dealt with. It can be demonstrated 
and it is intuitively clear that the effect of apply- 
ing the transform in the direction of magnetiza- 
tion (that is, the magnetic meridian) is to elim- 
inate entirely the contributions from the hori- 
zontal component of magnetic polarization. After 
such a transform, the body may be deemed to 
have been magnetized by a vertical inducing field 
only. The procedure is best understood with ref- 
erence to Figure 7, in which (a) shows the vertical 
magnetic field contours of a vertical vein striking 
eastwest, having a length:breadth:depth ratio 
equal to 6:2:1 and placed in an inducing field of 
inclination 45 degrees. An integration along the 
magnetic meridian (y, in this case) yields the 
symmetrical profile in Figure 7(b), caused by a 
hypothetical infinite strip at the same depth and 
having a width equal to the length of the actual 
vein. Egyed-Jung’s construction gives the length 
of the vein to be 5.90 units and depth 0.99 unit. 
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Fic. 6. (a) Vertical magnetic (or gravity) 
anomaly contours of a horizontal rectangular 
sheet six units in length, two units wide and one 
unit in depth (Vacquir ef a/, 1951, Figure A78). 
(b) Profile after integration along width and its 
interpretation. (c) Profile after integration along 
length and its interpretation. 
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The result of an integration along the eastwest 
direction (along strike) is to replace the finite vein 
by an infinite one of the same width, depth and 
dip. The corresponding anomaly profile is shown 
by a solid line in Figure 7(c). A comparison with 
the standard curves of Gulatee gives the width 
as two units, depth as one unit, dip of vein as 90 
degrees and inclination of inducing field as 
around 45 degrees. 

If the vein has an azimuth different from 0 
degrees or 90 degrees with reference to the mag- 
netic north, the interpretation cannot be quite so 
simple. In such a case, it is permissible to inte- 
grate only along and perpendicular to the strike, 
and not along the magnetic meridian. This en- 
sures that every cross-section of the body along a 
direction of integration remains the same, a con- 
dition that has been scrupulously maintained in 
all the examples cited so far. The integration 
along the strike retains the width, depth and dip 
of the original body, whereas that across the 
strike retains the length and the depth only (the 
dip being 90 degrees). Both of these (integrated) 
profiles are to be interpreted by comparison with 
standard curves or such other methods available 
for dealing with infinite veins. The rectangle 
formed by the intersection of the top surfaces of 
the two imaginary infinite veins is the location 
of the real body. For an arbitrary azimuth, a 
meridianal integration is advisable only if the 


vein is thin. 
SELF POTENTIAL OF A FINITE VEIN 


The integral transform applied along the length 
of the finite vein will, as usual, convert it to an 
infinite one. This can then be interpreted by the 
method developed by Roy Chowdhuri 
(1959). In this case, evaluating the transform in 


and 


any other direction does not seem to be of particu- 
lar use. 


APPLICATION TO PROBLEMS OF DC ELECTRICAL 
PROSPECTING: INCLINED CONTACT 


We will now consider a different class of prob- 
lems where the transform (1a) or (1b) also prom- 
ises to be useful. The complete solution for the 
potential when two different media of electrical 
resistivities p, and p2 meet along a dipping inter- 
face 0=a@ has only recently been furnished by 
Maeda (1955) and De Gery & Kunetz (1956). The 
problem is to find expressions for V; and V2 (po- 
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tentials in the two media) such that each of them 
satisfies Laplace’s equation (z-axis coinciding 
with hinge line) 

1 oy 


02? 


0, 
or” r 


the boundary conditions 
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= 0 até 


= Vs at 
1 OV. 
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and the condition at the source, viz, 
pil 1 
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R = + ro? — 2rrocosé + (19) 


In the above, J is the current strength of the 
point source located at r=ro, 0=0, z=0. Let us 
now apply the integral transform to this problem, 
that is, to (17), (18) and (19), along the z direc- 
tion. Since, by the bilateral symmetry of the 
problem, dV /dz=Oat z= — ©,0and equation 


(17) is transformed to 
“eV 1 oV 


where V(r, 0) = (20) 


The transformed boundary under (18) 
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For (19), we get 


1= [lc — In R], 


2rry cos 


R = (r+ 72 


where c is an infinite constant. For the integration, 
one has to remember, of course, that R is an even 
function of z. An examination of the transformed 
problem reveals that the effect of applying the 
transform has been merely to substitute the point 
source of current J by an infinite line source par- 
allel to the hinge and having a current strength 
of J per unit length. The shape, size, position and 
the physical properties of the body that is being 


(22) 


prospected for remain unaltered. As before, a 
three-dimensional problem has been reduced to a 
simple one in two dimensions. The solution of the 
problem is (Smythe 1950) 


=| 


= 


| 


with B= (p2—p,)/(p2+p.). It is interesting to com- 
pare (23) and (24) with Maeda’s solution, which is 


pil 


Vi} = — ro)? + 22} 


B sinh 


sinhsmr + @Bsinh 


pil 


(26) 


| pil [cosh + B sinh — 2a)| cos (Alnr/ro) — (1 + B) 
Jo Alsinh Aw + 8 sinh A(r — 2a) 1 


[sinh sr — sinh s(2a — 
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direction, the resulting profile can be interpreted 
for all the unknowns of the original problem 
simply by matching it with the theoretical master 
curves of the two-dimensional problem. 


CYLINDRICAL ORE BODY IN PRESENCE OF 
A POINT SOURCE OF CURRENT 
For the present, we will just indicate the use- 
fulness of the transform in relation to one more 
problem in electrical prospecting. For the the- 
oretical solution of a cylindrical (circular) ore- 
body in presence of a point source of current, one 
has to deal with the Laplace equation in cylindri- 
cal bipolar coordinates, viz, 
07V 


a’ 


(cosh — cosn)? dz? 


cos (A In r/ro) — 1 


(1 +0) f 
2r° o A{sinh Aw + B sinh A(x — 2a)} 


dx, 


In, 


with — © and0 <n and with the usual 
set of boundary and source conditions. Unfor- 


4 x 
“1/2 cos 
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— a) 
K K ig(tr) ds 


s(2a — 
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K ;,(tro) Ki(tr) ds 


sinh sr + 6 sinh s(2a — wr) 


In (25) and (26), i= /—1 and K;,,’s are the modi- 
fied Bessel functions of the second kind and imag- 
inary order. It is obvious that the difficulties and 
the amount of labor involved in the numerical 
computation of master curves from the above 
integrals are much greater in the conventional 
approach. Once the field values of the potential 
(with point source) are integrated along the strike 


tunately, equation (27) cannot be solved because 
the variables (£, n) are not separable. The problem 
thus defies a theoretical solution, and quantita- 
tive interpretations cannot be done except 
through model tank experiments. The application 
of the transform along the z-direction (axis of 
cylinder), however, reduces (27) to the simple 
two-dimensional bipolar Laplace equation 
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(28) + = 0 


which can be readily solved. The boundary and 
the source conditions, of course, are accordingly 
modified. 


CONCLUSIONS 


It is hoped that the various types of problems 
treated in the text suffice to demonstrate the use 
and the advantages of the simple integral trans- 
form. The checks between the theoretical values 
and those obtained after interpretation by this 
method are quite striking. It appears, though this 
has not been investigated, that the effect of ran- 
dom or observational errors will be reduced in the 
process of integration. 

In problems of electrical prospecting typified 
by the last two examples, the transform does 
what a prospector can achieve by the very diffi- 
cult process (if at all practical) of using a long 
straight line DC source parallel to the long axis. 
In other words, in the field one can use the con- 
venient-to-handle point source, while for the 
interpretation of the same data, one can analyze 
the convenient-to-solve two-dimensional prob- 
lem. This, however, implies that the field data 
cannot be collected in the manner of a conven- 
tional resistivity method, but the potential meas- 
urements need to be made, preferably in a grid 
pattern, over the entire area just as in gravity, 
magnetic, S.P., telluric and some of the other 
methods. 

It has been seen that some of the problems be- 
come susceptible to theoretical analysis and 


quantitative interpretation only after the trans- 
form has been taken. Since the transformation 
makes them purely two-dimensional, the powerful 
technique of conformal mapping becomes avail- 
able. 

It seems likely that the application of the trans- 
forms can be extended to similar problems in 
electromagnetic prospecting. 
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CORRECTION TO THE PAPER, 


BERATIONS 
BY M. M. BACKUS* 


F. KALISVAARTT anp A. J. SERIFFT 


On page 240 of this very useful and stimulating 
paper, there appears to be an error in equation (14). 
The multiplier representing the number of different 
permutations of the ray-path segments for a given /, k, 
n is given as 

(n+j—k)! 


(1) 
— k)!n! 


and this formula has apparently been used to compute 
the curves in Figures 7, 8, and 9. The number of permu 
tations is actually larger and is given by the multiplier 
(j— 1)! (n+j—k)! 
(2) = 
G—&In! 
Since these multipliers are identical for k=O and 
k=j—1, the examples in Figure 6 and the curves in 
Figures 7, 8, and 9 for 7=0, 1, and 2 are correct. For 
j=3, sizable differences do occur; however, the qualita 
tively important features of the curves given do not 
change. 

The multiplier given in (2) can be easily derived as 
follows. The multiplier is simply the number of recog- 
nizably different ways in which j identical objects of a 
first type, & identical objects of a second type, and 
identical objects of a third type can be arranged in 
sequence with the added restriction that the & objects 
must always be placed singly between two of the j ob- 
jects. It can be shown that any such ordering of the j, 
k, and n reflections will have the proper total path 


* Backus, M. M., 1959, Water reverberations 


+ Shell Development Company, Houston, Texas. 


DEPARTMENTS 


DISCUSSIONS AND COMMUNICATIONS 


REVER- 
THEIR NATURE AND ELIMINATION” 


their nature and elimination: Geophysics, v. 24, p. 233-261. 


length and the correct number of reflections and trans- 
missions at the water-solid interface. 

Now, we see that there are 7—1 intervals between 
the j-type reflections where a & reflection can occur, 


and hence there are 


different arrangements of these two types of events. 
For each of these arrangements, there are [(j—1) —k+2] 
remaining places where zero, one, or more reflections of 
the m type can occur. The ‘2’ results from the fact 
that n-type reflections can precede or follow all of the 


j. Now, the number of distinguishable ways the n 


identical reflections can be placed in the 7—k+1 per 
missible positions is just! 


n 


Thus, the total number of different arrangements of all 
three types of reflections is just the product of these two 
binomial coefficients 


1 See, for instance, Feller, W., 1957, An introduction 
to probability theory and its applications, I: Second 
Edition, John Wiley & Sons, Inc., New York, p. 36. 
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This manual is well thought out and carefully re- 
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The First Big Oil Hunt—Venezuela 1911-1916, Ralph 
Arnold, George A. Macready, and Thomas W. Bar- 
New York, 1960, 353 pp. 


rington, Vantage Press, 


$10.00. 


This book is unusual in that not only did its three 
main authors have the distinction of participating in 


the early petroleum exploration in Venezuela and 
Trinidad, but it also includes the contributions of 23 
others. All were members of a team which carried out 


geological surveys in a country which was much as it 
was in colonial times. Fine photographs of contemporary 
scenes and the pioneer operations in Venezuela and 
Trinidad add to the excellent documentation. These 
men were young, fresh out of the classrooms of the 
leading universities of the United States. Many suf- 
fered from malaria, typhoid, yellow fever, and other 
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tropical diseases. They worked under unusual condi 
tions including contacts with the friendly, nomadic 
Indians of the desert-like Guajira peninsula. They 
carried on a running battle with the unfriendly, war 
like Motilones of the humid jungles of the southwestern 
Maracaibo basin. Their record includes an exciting ac- 
count of attack by this hostile tribe. However, they 
found most Venezuelans friendly, cooperative and in 
terested. This was of inestimable value to the success 
of their and subsequent operations in Venezuela. 

Dr. Arnold entered Trinidad in 1911 as a result of a 
personal recommendation by Herbert Hoover to the 
Goldfields of South Africa, Ltd. After a quick recon- 
naissance of Trinidad, he returned to New York and 
was engaged by the General Asphalt Company. His 
job was to find oil and bring it out of the ground in 
order to fill their empty tankers, and, secondly, to dis 
cover and lay claim to every sing.e piece of potential 
oil land in Venezuela. This survey eventually involved 
52 American geologists. 

Success came early. A well in Trinidad blew out in 
July, 1912, at the rate of 15,000 barrels a day. It soon 
sanded up, but was followed by a prolific producer and 
the development of the Vessigny field, the first in 
Trinidad to show an operating profit. 

General Asphalt had operations at the Pitch Lake in 
Trinidad and at Guanoco in Venezuela. Venezuela had 
produced some oil as far back as 1878 in the Andes. 
Also, a few wells had been drilled around the asphalt 
lakes of eastern Venezuela but no serious regional geo 
logical surveys had been made. This company obtained 
acreage in 1910 at Guanoco and later, in 1912, acquired 
concessions covering practically the whole area of 
Venezuela north of the Orinoco and Apure rivers with 
the exception of a few central states. 

Many of the oil seeps of eastern Venezuela were 
visited in 1912, including Quiriquire where a large oil 
field now exists. Floyd C. Merritt and Garnett A. Joslin 
were in the first field party to get into the now famous 
Maracaibo basin. They encountered the large seeps 
around what is now the Bolivar Coastal field and Mene 
Grande. 

This book includes Arnold’s first report on the con- 
cessions of the Caribbean Petroleum Company in which 
he outlined the geological framework of Venezuela. 
This was written after Arnold, Macready and their asso- 
ciates had been working in Venezuela less than one 
year, during which time they had assimilated a good 
picture of the general geology of that nation, a country 
roughly 1,000 miles long, east and west. This informa 
tion was obtained as a result of work under extremely 
difficult conditions, primitive roads, poor transporta- 
tion, and little or no communications with the excep 
tion of a fair telegraph system. Arnold drew upon 
Macready’s report as a basis for recommending acreage 
in the vicinity of Mene Grande stating that “‘it indicates 
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a well-defined zone or zones of oil sands in the Tertiary 


series that underlies the region about Lake Maracaibo.” 
He boldly recommended the selection of 12,000 hectares 
surrounding these great seepages, and made the loca 
tion of well Zumaque-1 which resulted in the discovery 
of the Mene Grande field on April 15, 1914. This his- 
toric report, dated November 27, 1912 was a short, con- 
cise, and highly important document. Subsequent to its 
submission to the General Asphalt Company of Phil 
adelphia, the Venezuelan acreage was offered to various 
oil companies of the United States—none were in- 
terested. As a last resort, the report was taken to the 
Royal Dutch Shell Oil Company in London and they 
paid $10 million for 51 percent of the General Asphalt 
Company's Caribbean Petroleum Company. This deci- 
sion was made by Sir Henry Deterding. He later stated 
that he had made “‘perhaps the most speculative ven- 
ture of my life when on behalf of our companies I 
bought from the General Asphalt Company, of Phil- 
adelphia, a long term concession which had_ been 
granted to it covering enormous areas in all parts of the 
country.’ He further stated “I admit to having been 
that 
American geologist, Dr. Ralph Arnold, on the potential 


impressed by a favorable report from expert 
value of these huge fields and I had faith in the repre- 
sentatives who came to London from Philadelphia to 
negotiate the deal.”’ 

Exploration by Arnold and his crews continued until 
1916. Copies of a number of the plates from these re- 
ports are included in the text. One of the most interest- 
ing shows a generalized east-west cross-section showing 
the existence of an anticline in Lake Maracaibo. Oil is 
postulated as being accumulated in the truncated sedi- 
ments underlying an unconformity as well as in the 
overlying section. This is probably the first geological 
and the 
postulation of a petroleum accumulation under Lake 


interpretation showing such a_ structure 
Maracaibo. The huge Bolivar Coastal field exists under 
conditions very similar to those shown on this plate. 

The authors also included very interesting accounts 
of their experiences which led to the discovery of the 
Tarra and La Paz fields. 

The book contains numerous human interest side- 
lights such as Barrington’s directive “to do anything I 
could for Theodore Roosevelt while he and his wife 
were visiting Trinidad,” or the account of an American 
consul who insured his tenure in Maracaibo by keeping 
a coffin protruding from under the bed, and remarking 
to a newcomer “that a coffin was always kept handy 
because of the prevalence of yellow fever and necessity 
of immediate burial.’’ The newcomer generally returned 
immediately to the States. 

There is also a description of a face-to-face meeting, 
far back in the sticks, with the noted British geologist, 
E. H. Cunningham-Craig, who was outfitted com- 
pletely with cork helmet, high laced boots and crooked 
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handled walking stick——all considered essential to the 
1912 geologist working in the tropics. Another is an eye- 
witness account of the birth of a new island off the 
coast of Trinidad, which, during its formation, exploded 
into flames 300 to 400 feet high. An estimated 700,000 
tons of dirt were blown out of the lower Tertiary 
through two craters. 

Tribute is given to Don Santiago Aguerrevere, dean 
of Venezuelan Civil engineers, who was employed as 
official engineer and had charge of all surveys. Three of 
his sons later graduated from Stanford, two in geology 
and one as a civil engineer. These men of high integrity 
had important parts in the establishment of a fine 
relationship between the company and the land owners. 
They later held high positions in the Venezuelan govern 
ment. Pedro Aguerrevere counseled the revision of the 
agreements between the companies and the govern- 
ment, an idea which evolved into the Petroleum Law of 
1943, and he was later Minister of Fomento in the late 
1940's. He followed a policy of trying to solve the prob- 
lems of national interest with the oil and mining com- 
panies “in a spirit of reciprocal fair play and practical 
understanding.” 

These early oil hunters were men of indomitable 
spirit, possessing the urge to explore and a desire to 
participate in a great development of free enterprise. 
They had the courage to work under the most serious of 
health and physical handicaps. They were true pioneers 
of petroleum exploration in a vast area nearly 1,000 
miles from east to west. It must have been a great satis- 
faction for them to see the fruits of their early labors 
grow into a vast industry which has accelerated the 
transformation of a poor, underfed and underdeveloped 
country into an energetic, restless nation going through 
a great period of readjustment in finding its place in the 
modern world. 

The authors of The First Big Otl Hunt have made a 
major contribution to the history of the petroleum in- 
dustry in putting on record their experiences. It will 
serve as a reference for all time. It is a book which any- 
one, particularly those who have worked in Venezuela, 
will read with absorbing interest. 

W. JOHNSON 
Jersey Production Research Company 
Tulsa, Oklahoma 


Principles of Geochemical Prospecting, 1. I. Ginzburg, 
Pergamon Press, New York 1960, 
xviii+311 pp., $11.50. 


and London, 


Principles of Geochemical Prospecting for non-ferrous 
ores and rare metals is the outcome of many years of 
study of the fundamental principles of ore formation, 
dispersion, accumulation and association with accessory 
elements. Although a good number of books on diverse 
aspects of geochemical prospecting for minerals have 
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been published earlier, this book is the first of its kind to 
cover the entire subject of geochemical prospecting for 
minerals including hydrochemical, biogeochemical and 
geobotanical techniques. 

Chapter I has been devoted to discussion of the 
limitations of the different analytical procedures com- 
monly in use. ‘Rational’ analysis might be useful in 
broadly delineating mineralized provinces but its weak- 
ness, such as the absence of suitable reagents to decom- 
pose all ore bodies, especially those locked in the silicate 
grains, limits its use in detailed surveys. Techniques 
like paper-chromatography, ion-exchange resins, spec- 
trometry, colorimetry, etc., each has its own limitations 
and thus the choice of a method needs to be prede- 
termined for each particular type of test material. 

Chapter II has been devoted to geochemical in- 
dicators to evaluate definite horizons of sedimentary 
rocks, mineralized bodies of diverse origin, and poly- 
metallic deposits. Chapters III to VIII have been de- 
voted to detailed theoretical aspects of accumulation, 
dispersion tendencies of the elements, and the factors 
affecting them in different rock types. Examples have 
been cited, particularly with reference to work carried 
out over the Russian platform in support of the success 
of geochemical prospecting in different rock bodies. Be- 
sides their usefulness in prospecting, geochemical in- 
dices are of considerable help in correlation of sedimen- 
tary rock horizons. Chapters IX and X deal with 
migration of metals in waters and hydrogeochemical 
prospecting. Chapters XI and XII are devoted to bio- 
geochemical and geobotanical methods of prospecting. 
General conclusions in reference to geochemical surveys 
have been drawn in concluding Chapter XIII. 

As an advanced treatise, explaining in clear lan- 
guage the various problems encountered in geochemical 
prospecting for ores and metals in different formations, 
this book will be useful both to the research worker 
and to industry. Of considerable importance are the 
chapters where fundamental principles of the techniques 
have been described. The wealth of references to the 
literature will be of particular value for future develop- 
ment and refinement of techniques. It is evident, after 
a careful perusal of the book, that studies in this field 
are by no means completed and there is plenty of scope 
for further research. 

Harti NARAIN 
Oil & Natural Gas Commission 
Dehra Dun, India 


Methods and Case Iistories in Mining Geophysics, ar- 
ranged by a Committee of Geophysicists of the 
Canadian Institute of Mining and Metallurgy, Cana- 
dian Institute of Mining and Metallurgy, Montreal, 
1959, viii+359 pp. +12 maps, $10.00. 


This volume is devoted primarily to case histories in 
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mining exploration in the Canadian Shield. Also in- 
cluded is an important collection of papers on theory 
and methods of relatively modern mining geophysical 
practices. Field procedures and pitfalls of the geophys 
sicist are aptly covered. 

The book is aimed toward the reader who is not well 
acquainted with geophysical theory, but who is con- 
cerned with the development of mineral resources. It 
was an outgrowth of the Sixth Commonwealth Mining 
and Metallurgical Congress held in Canada in 1957. 
Papers have also been drawn from other countries of the 
Commonwealth. 

The editorial board consisted of 21 eminent geo- 
physicists who have all had considerable experience in 
Canada’s Precambrian Shield. There are a total of 14 
articles covering regional geophysics and magnetic, 
gravitational, geochemical, radioactive, electrical, and 
refraction seismic exploration. Most of these subjects 
are treated by acknowledged experts in the methods. 
Case histories of 32 prospects and mines in Australia, 
Canada, Great Britain, India, Jamaica, South Africa, 
Tanganyika, and Uganda are given by authors who 
are intimately familiar with conditions of their prob 
lems. Types of deposits investigated include asbestos, 
copper, lead, zinc, gold, nickel, silver, titanium, iron, 
tungsten, manganese, coal, and ground water. Several 
of the case histories are classical examples of successes 
in mining discoveries. 

Important introductory remarks are made by Prof. 
J. T. Wilson concerning regional geophysical settings of 
mineral districts. Perhaps the most valuable section of 
the book describes the various methods and procedures 
that have been used in mining geophysics. Rapid and 
recent progress in the development of mining geophys- 
ical equipment has created new instruments which were 
impractical in the past. 

To illustrate the rapid strides which have been ac- 
complished in the three years since this book was issued, 
two new methods have come into common use since 
publication. These schemes are induced polarization 
and AFMAG. The editors of this book include some of 
the principal contributors to these important techniques. 

Case histories are generally well presented and give 
a good review of the planning, field work, interpretation 
of data, and drill results. Due credit is accorded to 
geology. 

Two minor errors were noted concerning the iron 
content of rocks referred to on pages 206 and 215. The 
authors perhaps assumed that the content of iron ore 
is based on percent volume rather than percent weight. 
In this regard it is noteworthy that percent magnetite 
by volume of most low grade magnetic iron-formations 
is very nearly the percent iron by weight. This fact is 
useful in relating magnetic susceptibility to grade of 
magnetic iron ore. 

This volume is strongly recommended for reading by 
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anyone who is technically associated with mining geo- 
physics. Much of the material covered such as typical 
ground and airborne electromagnetic systems is not to 
be easily found elsewhere. There is also contained here 
a wealth of data on physical properties of rocks. 

JouHn S. SUMNER 

Phelps Dodge Corporation 

Douglas, Arizona 


The Gravity Field of the Venezuelan Andes and Ad- 
jacent Basins, J. Hospers and J. C. Van Wijnen, 
Verhandelingen der Koninklijke Nederlandse Aka- 
demie van Wetenschappen, Afd. Natuurkunde, Vol. 
23, No. 1, 1959, pp. 1-95. 


The senior author has already made valuable con 
tributions to an understanding of the gravity field in 
the Alps and in northern South America and the West 
Indies as well. This joint effort is a clearly-written, well- 
illustrated report of gravity investigations in a struc- 
tural province comprising the Venezuelan Andes and 
the adjacent Maracaibo and Barinas-Apure_ basins. 
The work is oriented more towards a study of tectonic 
and orogenic phenomena than towards exploration; 
nevertheless, anyone with a modicum of interest in 
gravity and structural geology will find it excellent 
reading. 

A special gravity survey carried out along main high 
ways in the central Venezuelan Andes was tied to an 
earlier network outside the Andes. Exact positions and 
observed values are given for certain gravity stations 
which should be useful for possible future surveys. In 
the Bouguer correction the gravity effect of a spherical 
plateau is used rather than that of a horizontal slab of 
infinite extent. The Bouguer anomalies are regarded 
first as an intermediate step in the calculation of iso- 
static anomalies and second as a representation of mass 
irregularities below sea level. Isostatic corrections were 
computed for eleven selected stations for three systems 
of local compensation according to the Airy-Heiskanen 
hypothesis and six systems of regional compensation 
according to the Vening Meinesz hypothesis. 

A comparison of magnitudes of Bouguer anomalies 
and isostatic corrections computed for the nine systems 
at selected stations indicates that no single system of 
compensation is appropriate to all stations; that there 
is a pronounced gravity deficit in the Maracaibo basin; 
and that in the Venezuelan Andes there is predom- 
inantly regional compensation in the southeastern 
range, and local or weak regional compensation in the 
northwestern range. Computations suggest that there 
exist crustal downwarps in the basins and an asym- 
metrical mass distribution underneath the Andes. The 
authors believe that, under lateral compressive forces, 
thrust faults developed in the crust so that the south- 
eastern part was thrust over the northwestern part. 
With the application of a “geological correction” and 
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a “geological isostatic correction,’ the isostatic anom 
alies tend to support the shear-fracture hypothesis 
advanced. The orogenic theories of Vening Meinesz 
(plastic buckling) and of van Bemmelen (undation) 
are considered, but after some terse reasoning involv 
ing comparisons with the Alps and the inferred absence 
that neither 
played an important role in the tectogenesis. An at 


of hypodifferentiation, they conclude 
tempt was made to determine the direction of the oro 
genic compressive stress but this is admittedly un 
satisfactory because the time element cannot be taken 
into consideration. The enlightening digressions on 
orogenic theories provide the reader with somewhat of 
a basis for evaluating the authors’ theories concerning 
the Venezuelan Andes. 

ROLAND G. HENDERSON 

U. S. Geological Survey 

Washington D. C. 


Statistical Theory of Communication, Y. W. Lee, John 
Wiley & Sons, Inc. New York, 1960, xvii+509 pp., 
$16.75. 


Prior to the development of statistically motivated 
communication theories some twenty years ago, the 
communication engineer had two classical tools at his 
disposal for dealing with signal and noise prob- 
lems: the Fourier series and the Fourier integral. In 
deed, all those cases which could properly be charac 
terized as being either ‘‘periodic” or ‘transient’? were 
fully amenable to treatment by Fourier methods. 

Powerful and versatile as these methods were, how- 
ever, their province of mathematical validity excluded 
from consideration a large and important class of 
signals (and noise) which could not be categorized as 
either periodic or transient. Thus, the need for a 
generalization of the Fourier methods to allow for the 
inclusion of random phenomena became dramatically 
obvious. 

Professor Lee begins his book with a thorough ex- 
position of Wiener’s theory of generalized harmonic 
analysis. Next, after several chapters dealing with se- 
lected topics from the theory of probability, the author 
takes up numerous practical problems which may well 
need consideration in adapting the theory to physical 
systems. The physical systems, per se, are not discussed. 
At this point, the serious reader has acquired sufficient 
background to appreciate the author’s masterful ex- 
position of Wiener’s theory of optimum linear filtering, 
culminating in the Wiener-Hopf equations. The latter 
discussion is confined to rational spectra, thus min- 
imizing analytic complexities which might otherwise 
tax the beginning reader. In anticipation of the 
reader’s future needs, Dr. Lee devotes the last two 
chapters of his book to a discussion of orthonormal 
functions and their uses. It may be pointed out here, 
that these functions form an important bridge between 


Wiener’s theory of linear systems and his more recent 
theory of optimum non-linear systems. 

The present volume is an outgrowth of a one semester, 
first year graduate course, which Professor Lee has 
organized and taught in the department of electrical 
engineering at M.I.T. since 1947. 

Many readers will welcome this book for several of its 
features: (1) emphasis in the treatment is not on the 
abstract ideas, but rather on their physical meaning 
and interpretation; (2) mathematical ideas are devel- 
oped in great detail, with many of the intermediate 
steps shown (e.g. Five pages are devoted to a compari- 
son of the convolution and the cross-correlation in- 
tegrals); (3) numerous illustrations and worked-out 
problems are generously supplied throughout the text 
(e.g. Several examples of autocorrelation and _ cross- 
correlation are worked out analytically as well as 
graphically); (4) due to its clarity of exposition, the 
book is ideally suited for self study. 

Mark HoOLZMAN 
Western Geophysical Company of America 
Los Angeles, California 


Scientific Russian, George E. Condoyannis, John Wiley 
and Sons, Inc., New York, 1959, xii +225 pp., $3.50. 


Nearly all language books and language self-teachers 
are written on the assumption that the user desires to 
learn to speak or write the language. Scientific Russian, 
on the other hand, is designed as a self-teacher for the 
scientist or engineer who wishes to learn to read tech- 
nical papers in Russian. In a sense, it may also be 


classed as an ‘“‘on the job training manual’ for the do- 
it-yourself reader of technical Russian. One complete 
reading of the book, which should take no more than 
four or five hours, will enable one to start translating 
Russian technical material, albeit slowly and painfully, 
with the aid of a dictionary. 

Certainly no one can suddenly become proficient in a 
language. Scientific Russian cannot, therefore, be ex- 
pected to provide a “royal road” to Russian reading. 
To become proficient at Russian translation, it would 
still be necessary to work carefully through the exercises 
in the book and to practice translating actual technical 
material. 

Since Professor Condoyannis is interested in teach- 
ing the reading of Russian, he approaches the language 
from a recognition standpoint, that is, he presents the 
grammar and vocabulary entirely from the view-point 
of one attempting to determine from a given Russian 
word or phrase, what that word or phrase means. Verbs, 
adjectives, prepositions, pronouns, prefixes, suffixes, 
etc. are presented in tabular form for easy reference. 
Simple rules are given to make apparent the English, 
French, or German words from which many Russian 
words are derived. 

As with any first edition, Scientific Russian contains 
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its share of typographical errors. Some of them are more 
than slightly troublesome, particularly the occasional 
absent or scrambled footnotes which are supposed to 
explain obscure points. All in all, however, this plastic- 
bound handbook is highly recommended as the best 
book known to this reviewer for the prospective reader 
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of Russian technical material. Even those who have a 
considerable facility with the language will find both 
the tables and etymology of great value. 

H. Savit 

Western Geophysical Company 

Los Angeles, California 


Geofysiske Publikasjoner, v. 21, 
Sept., & Oct., 1960). 

Geophysical Digest, v. 7, nos. 3 & 4 (July & October, 
1959), 

Geophysical Prospecting, v. 8, n. 4 (December, 1960). 

Gerlands Beitrage Zur Geo phystk, v. 69, n. 5 (1960). 

Journal of Geophysical Research, v. 65, n. 12 (December 
1960) & v. 66, n. 1, (January, 1961). 

Journal of Technology, v. 4, n. 2 (December, 1959). 

Mines Magazine, v. 50, n. 12 (December, 1960) & v. 51, 
n. 1 (January, 1961). 

Mining Engineering, v. 12, n. 12 (December, 1960) & 
v. 13, n. 1 (January, 1961). 

Nachrichten aus dem Karten- und Vermessungswesen, Vv. 
1, nos. 16 & 17 (1960). 

Physics Today, v. 13, n. 12 (December, 1960) & v. 14, 
n. 1 (January, 1961). 

Roczntk, v. nos. 1 & 2 (1960). 

Tellus, v. 12, n. 3 (August, 1960). 

Transactions American Geophysical Union, v. 41, n. 4 
(December, 1960). 

Zeitschrift fur Geophystk, v. 26, n. 4 (1960) 


nos. 6, 7, 8 & 9 (Mar. 


; 
§ 


PATENTS 


RITZMANN 


ELECTRICAL PROSPECTING 


U.S. No. 2,953,742. R. J. Herbold. Iss. 9/20/60. App. 
9/4/57. Assign. One-third each to C. J. Hughes, W. 
FE. Hughes, and L. M. Hughes, Jr. 


Geophysical Prospecting Apparatus. A radio wave 
prospecting system in which a spark discharge generates 
electromagnetic waves in the earth whose reflections 
are picked up by an antenna and displayed on a c-r tube 
screen which is photographed with a camera, the camera 
shutter being actuated in timed relationship to the 
spark. 


U.S. No. 2,955,250. J. L. M. Shaw and R. R. Taylor. 
Iss. 10/4/60. App. 10/24/57 and 3/21/58. Assign. 
The International Nickel Co., Inc. 


Electromagnetic Prospecting. An airborne e-m_pros- 
pecting system in which the plane carries two coplanar 
transmitting coils excited at different frequencies and a 
third orthogonal reference coil excited at a third fre 
quency, and a towed bird carries similarly coplanar re- 
ceiving coils and a reference coil coaxial with the third 
transmitting coil, the detected signals from the first two 
coils being compared with that of the reference coil. 


U.S. No. 2,955,251. J. L. M. Shaw and R. R. Taylor* 
Iss. 10/4/60. App. 10/24/57 and 3/21/58. Assign- 
The International Nickel Co., Inc. 


Geophysical Exploring. An airborne e-m prospecting 
system using two orthogonal energizing coils excited at 
different frequencies on the airplane or on a transmit 
ting bird, and orthogonal pick-up coils on a detecting 
bird, and in which the relative position of the trans- 
mitting and detecting coils is maintained by means of 
a modulated light source on the transmitting vehicle 
acting on photocells carried on the detecting bird and 
which control servomotors that operate steering fins on 
the detecting bird. 

GEOCHEMICAL PROSPECTING 
U.S. No. 2,951,940. J. W. Graham and J. S. Osoba. 

Iss. 9/6/60. App. 3/1/57. Assign. Jersey Production 

Research Co. 

Method of Ascertaining the Presence of Petroleum De- 
posits in Earth Formations. A method of detecting 
petroleum in drill chips obtained with drilling fluid free 


+ Gulf Oil Corporation, Patent Department. 


from fluorescing constituents and in which the chips 
are contacted with a cationic surface-active agent that 
causes preferential wetting of the chip surface by 
petroleum, and observing fluorescence of the chip 
under ultraviolet light. 


U.S. No. 2,955,922. R. F. Christy. Iss. 10/11/60. App. 
7/22/57. Assign. White Eagle International, Inc. 


Gas Detection Apparatus. A combustible gas detector 
for a mud logging apparatus having a heated catalytic 
filament in a bridge circuit connected to a recorder. 


GRAVIMETRIC PROSPECTING 


U. S. No. 2,952,920. R. T. Cloud. Iss. 9/20/60. App. 
1/22/57. Assign. North American Geophysical Co. 


Ballast Compensated Pendulum. A horizontal torsion 
pendulum for an integrating elevation meter, the pen- 
dulum being a disk having a thin-walled buoyant 
chamber symmetrical with respect to the suspension 
wire, and the outer instrument housing filled with 
liquid and having a flexible wall portion through which 
pressure can be applied to the liquid which changes the 
volume of the buoyant chamber so as to compensate the 
symmetrical weight on the suspension. 


U.S. No. 2,953,023. R. R. Goodell. Iss. 9/20/60. App. 
7/26/57. Assign. Shell Oil Co. 


Gravity Meter Clamp. A system for clamping a bore- 
hole gravimeter whose mass tensions a wire vibrating in 
vacuum and in which a linkage sealed by a metallic 
bellows actuates a wedge that separates two spring- 
biased fingers that clamp the mass. 


RADIOACTIVITY PROSPECTING 


U.S. No. 2,951, 941. H. R. Brannon, Jr. Iss. 9/6/60. 
App. 1/7/57. Assign. Jersey Production Research Co. 


Method and Apparatus for Pulsing a Scintillation 
Detector. A radioactivity detector having a scintillating 
crystal and photomultiplier tube with a pulse of positive 
potential applied to a pair of dynodes to turn the photo- 
multiplier on, and zero or negative potential applied 
when the photomultiplier is turned off. 


U.S. No. 2,953,686. A. D. Garrison. Iss. 9/20/60. App. 
9/15/54. Assign. Texaco Development Corp. 
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Detector of Penetrative Radiation. A radioactivity de- 
tector having an array of plates from which the incident 
radiation produces ionizing electrons in a continuously 
operating illuminated cloud chamber, and with the light 
scattered by the tracks detected by a photocell. 


U.S. No. 2,955,207. A. Pearson. Iss. 10/4/60. App. 


Radiation Detector. An indicating circuit for a halogen- 
quenched Geiger-Muller tube in which the tube is con 
nected to a cold-cathode trigger tube through a con 
denser with the current to the G-M tube and to the 
condenser arranged to flow through a common load 
whose current is indicated. 


U.S. No. 2,956,162. ¥. C. Armistead. Iss. 10/11/60. 
App. 5/12/51 and 5/25/54. Assign. Texaco Develop- 
ment Corp. 


Detection and Measurement of Penetrative Radiation. 
A radioactivity detector having a primary scintillating 
material optically coupled to a photocathode with a 
layer of secondary phosphor as a white powder on the 
surfaces of the primary phosphor away from the photo- 
cathode to reflect escaping fluorescence radiation onto 
the photocathode. 


U.S. No. 2,956,164. J. R. Ford. Iss. 10/11/60. App. 
9/4/56. Assign. Hycon Mfg. Co. 


Scintillation Counter. An altitude-com- 


airborne 


Airborne 


pensated detector having a 
scintillating crystal and phototube with the amplified 


signal fed into parallel channel multivibrators which 


gamma-ray 


are set for different levels of firing thresholds and each 
connected to an altimeter that adjusts the output of 
each channel to compensate for altitude variations. 


SEISMIC PROSPECTING 


U.S. No. 2,952,006. E. R. McCarter. Iss. 9/6/60. App. 
5/23/56. Assign. Jersey Production Research Co. 


Attenuation of Seismic Signals. A seismograph avec 
system having an attenuator including a variable 
impedance bridge supplied with d-c obtained by rec- 
tifying part of the output signal, the rectified signal be- 
ing applied to the bridge through two parallel circuit 
branches each of which has a rectifier and an adjustable 
resistor, and with the rectifiers in opposite polarity. 


U.S. No. 2,952,812. W. W. Klein, Jr., W. W. Granne- 
mann, and O. A. Fredricksson. Iss. 9/13/60. App. 
1/27/36. Assign. California Research Corp. 


Pulse Modulation Function Multiplier. A seismograph 
avc system in which a series of pulses are generated 
and modulated by a control function and also modulated 
by the seismic signal, and the dual-modulated signal 
demodulated in a single demodulator. 
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U.S. No. 2,952,833. T. Bardeen. Iss. 9/13/60. App. 
11/14/55. Assign. Gulf Research & Development Co. 


Monitoring System for Seismograph Filters. A system 
for recording on a seismogram the instantaneous ad- 
justment of a time-varying filter by recording the out- 
put wave of an oscillator having a similarly varying 
frequency-determining element so that direct compari- 
sons between the monitor frequency and the recorded 
reflections can be made on the seismogram. 


U.S. No. 2,952,834. W. G. Noonan and V. L. Vice. Iss. 
9/13/60. App. 11/28/55. Assign. Marine Explora- 
tion Co. 


Seismic Exploration. A system for positioning the shot 
in marine seismic operations in which the detector 
cable has three supersonic receivers and the shooting 
boat has a supersonic transmitter that periodically 
transmits short pulses in the water in synchronism 
with a radio signal so that the travel time of the ultra- 
sonic pulse can be used to locate the shot. 


U. S. No. 2,953,214. E. Merten. Iss. 9/20/60. App. 
2/27/57. Assign. Shell Oil Co. 


Seismic Exploration. A system of seismic shooting in 
which a number of shots are placed at different depths 
in a common shot hole and detonated in succession from 
a common firing impulse, the successive shots having 
delay fuses that delay detonation of each charge until 
the reflections from the previous shot have been re- 
corded. 


U. S. No. 2,954,090. K. E. Burg and E. J. Stulken. 
Iss. 9/27/60. App. 7/28/53. Assign. Texas Instru- 
ments Inc. 


System for Improving Seismic Records of Underground 
Strata. A system for eliminating reverberation in seismic 
prospecting in water-covered areas in which a sound- 
absorbing screen of gas bubbles is generated in the 
water by chemical or electrolytic action, slow-burning 
explosive, compressed air, or finely divided foam rubber. 


U.S. No. 2,958,048. J. P. Woods. Iss. 10/25/60. App. 
6/14/57. Assign. The Atlantic Refining Co. 


Automatic Volume Control for Seismograph Signal 
Amplifier. A seismograph avc system in which the sig- 
nal from one of the amplifier stages is rectified and used 
to control the output of a high-frequency oscillator 
whose signal is applied to nonlinear resistance elements 
in attenuator networks in both the input and output 
circuits of the amplifier stage. 


See also Patents 2,951,736; 2,951,738; 2,957,167; and 
2,958,010 listed under MISCELLANEOUS. 
WELL LOGGING 


U. S. No. 2,951,367. H. H. Rachford, Jr. Iss. 9/6/60. 


11/25/55. Assign. Atomic Energy of Canada Ltd. 

‘ 
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App. 8/21/57. 
Co. 


Assign. Jersey Production Research 


Process for Determining Fluids in Beds Traversed by 
Drill Holes. A thermal logging method in which a freez- 
ing mixture is placed in the borehole for a sufficient 
time to effect a change of state of formation fluids, the 
freezing mixture removed, and a succession of tem- 
perature logs run as the formations warm up. 


U.S. No. 2,951,943. C. Goodman. Iss. 9/6/60. App. 
5/7/56. Assign. Schlumberger Well Surveying Corp. 


Borehole Investigating Apparatus. A radioactivity 
logging system having in the sonde a container of 
material capable of sustaining a controllable nuclear 
chain reaction and having protuberances that contact 
the borehole wall, a neutron reflector above and below 
the container, and a movable control strip carrying 
graduated neutron-absorbing material around the side 
of the container adjusted to hold the temperature of the 
reacting material constant, and a detector in the sonde 
to measure the radioactivity induced in the formations 
by the reaction. 


U.S. No. 2,951,945. C. Goodman. Iss. 9/6/60. App. 
5/26/54. Assign. Schlumberger Well Surveying Corp. 


Renewable Target. An accelerator type neutron source 
whose target is a thin sheet of palladium sealed to a 
reservoir of tritium and provided with an electric 
heating element whose power is controlled in response 
to the neutron flux generated by the accelerator. 


U.S. No. 2,951,946. H. B. Frey, Jr. Iss. 9/6/60. App. 
11/9/55. Assign. Schlumberger Well Surveying Corp. 


Method and Apparatus for Logging Earth Forma- 
tions. A radioactivity logging system having in the sonde 
a container of uranyl sulphate dissolved in water and 
capable of sustaining a controllable nuclear chain reac- 
tion in the borehole, a neutron reflector above and be- 
low the container, and a movable control strip carrying 
graduated neutron-absorbing material around the side 
of the container, a radioactivity detector being used to 
monitor the power output and control the position of 
the control strip so as to maintain a constant power 
output, the position of the control strip being indicated 
at the surface. 


U. S. No. 2,951,982. N. A. Schuster. Iss. 9/6/60. App. 
7/22/55. Assign. Schlumberger Well Surveying Corp. 


Systems for Electromagnetic Investigation of Media. An 
a-c resistivity logging system having a pad pressed 
against the borehole wall, the pad containing two ener- 
gizing electrodes and a coil which is used to monitor 
and control the exciting current at a depth sufficient to 
be below the filter cake, the pad also containing two 
potential electrodes connected to a measuring circuit. 
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U. S. No. 2,952,019. C. Goodman. Iss. 9/6/60. App. 
5/7/56 and 12/19/58. Assign. Schlumberger Well 
Surveying Corp. 


Methods and A pparatus for Investigating Materials. A 
radioactivity logging system having in the sonde a sub- 
critical mass of material capable of sustaining a con- 
trollable nuclear chain reaction and having protuber- 
ances that contact the borehole wall, a neutron reflector 
above and below the mass, and a movable neutron 
source that is adjusted in position so that the mass 
maintains a predetermined reaction power level, and a 
detector in the sonde to measure the radioactivity in- 
duced in the formations by the reaction. 


U.S. No. 2,953,685. J. T. Dewan. Iss. 9/20/60. App. 
6/16/55. Assign. Schlumberger Well Surveying Corp. 


Well Logging. A neutron-gamma logging system us- 
ing a polonium-beryllium source of relatively short life 
and in which the source-detector spacing is decreased 
as the source decays so as to keep the counting rate 
approximately constant. 


U. S. No. 2,953,979. R B. Rosene and J. F. Eberhard. 
Iss. 9/27/60. App. 4/4/57. Assign. The Dow Chemical 
Co. 

Well Bore Photography. A borehole camera in which 

a light source and a photographic or television camera 

is immersed in a transparent water and oil immiscible 

liquid of higher specific gravity than water. 


U. S. No. 2,954,471. R. G. Piety. Iss. 9/27/60. App. 

5/9/56. Assign. Phillips Petroleum Co. 

Flow Measuring Apparatus. A well flow meter having 
a flexible packer bypassed by two flow paths one of 
which has a motor-driven impeller to increase the 
flow so that no flow occurs in the second path, and the 
speed of the motor is indicated at the surface, zero flow 
in the second path being determined by solution and 
detection of radioactive material. 


U.S. No. 2,955,463. J. K. Godbey and H. D. Hodges. 
Iss. 10/11/60. App. 1/17/55. Assign. Socony Mobil 
Oil Co., Inc. 

Logging System for Well Bores. A bottom-hole ther- 
mometer or pressure gauge in which the gauge adjusts 
a resistor in an oscillator circuit to vary its frequency, 
the oscillator signal being transmitted to the surface 
and its frequency measured. 


U.S. No. 2,956,163. P. E. Baker. Iss. 10/11/60. App. 

11/4/55. Assign. California Research Corp. 

Nuclear Spectroscopy Well Logging Sonde. A neutron- 
capture gamma-ray logging apparatus using a source 
of fast neutrons surrounded by a bismuth shield to 
attenuate gamma rays and a detector with a boron 
shield and an outer bismuth shield to exclude thermal 
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neutrons and low-energy gamma rays from the detec 
tor, and with the sonde case made of aluminum or 
magnesium to reduce the effect of neutron capture in 


the sonde case. 


U.S. No. 2,956,165. ¥. F. Johnson. Iss. 10/11/60. App. 
6/1/55. Assign. Schlumberger Well Surveying Corp. 


Borehole Apparatus. A radioactivity logging ap 
paratus having a detection system with pulse-height 
discrimination and an auxiliary beta-ray source close to 
the detector with pulses from the auxiliary source used 
to control the bias of the pulse-height discriminator to 
correct for variations in the amplification of the detec 
tion system. 

U.S. No. 2,956,634. J. Zemanek, Jr. and W. G. Hicks. 


Iss. 10/18/60. App. 3/14/55. As 
Oil Co., Inc. 


sign. Socony Mobil 


<ystem for Acoustic Pulse Frequency Logging. An 
acoustic logging device having a pulsed source and a 
receiver connected to a pulse-counting system ar 
ranged to generate and record a signal proportional to 
the time interval required for the received wave to 
complete a predetermined number of oscillations. 


956,635. G. C. Summers. Iss. 10/18/60. 
Assign. Socony Mobil Oil Co., Inc. 


Acoustic Pulse Frequency Log. An acoustic logging 
method in which the source is energized with a pulse 
having a sharp onset and the frequency of the received 
wave is measured and indicated as a function of depth. 


U.S. No. 2,957, O83. S. A. Scherbatskoy. Iss. 10/18/60. 
App. 6/30/58. Assign. PGAC Development Co. 


Radioactivity Well Logging System. A portable radio 
activity logging, magnetic casing-collar finder, and 
casing perforator apparatus employing a single-conduc 
tor cable in which amplified pulses from the radioac 
tivity detector are mixed with unidirectional casing 
collar signals and the signals separated at the surface 
and recorded on a two-pen strip chart. 


U.S. No. 2,957,159. J. Fitchette. Iss. 10/18/60. App. 
2/13/50 and 2/7/55. Assign. Phillips Petroleum Co. 


Measuring Device. A system for telemetering bottom 
hole pressure and drill vibration to the surface while 
drilling and in which the pressure transducer varies 
the carrier frequency of a radio wave that is amplitude 
modulated by the vibration transducer, the signal being 
picked up at the surface and indicated, and with a 
switch on the pressure transducer to turn the trans 
mitter off when pressure is less than a predetermined 
limit. 


U.S. No. 2,957,346. R. F. Knight. Iss. 10/25/60. App. 
11/14/57. Assign. Core Laboratories, Inc. 


PATENTS 


Drilling Rate Measuring Apparatus. A drilling rate 
recorder having a motor that is energized during drilling 
and which drives a spring-biased potentiometer whose 
current is indicated on the recorder, the motor having 
a clutch that releases after each unit of depth is drilled. 


U.S. No. 2,957,990. G. R. Newton and J.E. Skinner. 
Iss. 10/25/60. App. 1/3/56. Assign. Pan American 
Petroleum Corp. 

Well Formation Density Logging. A gamma-gamma 
radioactivity logging apparatus having the source and 
detector in separate housings with a hinged connection 
between them and a spring to keep them pressed 
against one side of the borehole, and arranged so that 
the source-detector distance is fixed at from 15 to 24 
inches and the source is maintained less than 2 inches 
from the borehole wall. 

See also Patents 2,951,941; 2,953,686; 2,955,207; and 
2,956,162 listed under RADIOACTIVITY PROSPECTING; and 
Patents 2,951,736; 2,951,738; 2,957,167; and 2,958,010 


listed under MISCELLANEOUS. 


MISCELLANEOUS 


U. S. No. 2,951,736. G. S. Black. Iss. 9/6/60. App. 
8/21/58. Assign. Pan American Petroleum Corp. 
Variable-Density Recording of Multiple Signal Traces. 

A system for correcting the light beams of a multi- 

channel variable-density recorder for variations in 

zero-signal intensity by interposing in the beam array a 


negative transparency of the zero-signal pattern. 


U.S. No. 2,951,738. R. L. Maneval. Iss. 9/6/60. App. 
9/16/59. Assign. Jersey Production Research Co. 
Recording Apparatus. A mounting head for the stylus 

of a multi-channel spark-type recorder in which each 

stylus is carried in a thin block of plastic having a 

shoulder abutting a rocker whose angle can be man- 

ually adjusted to align the ends of the stylus. 

U.S. No. 2,954,608. R. C. 
10/30/56. 

Drift and Ground Speed Indicator. An aircraft drift 
and ground speed meter in which an image of the 


Lawlor. Iss. 10/4/60. App. 


ground is formed on a phosphorescent screen for a short 
period controlled by a timed shutter and the length of 


the streaks measured. 


U.S. No. 2,956,434. J. K. Donoghue. Iss. 10/18/60. 
App. 1/21/54 and 1/17/55. Assign. Simon-Carves 
Ltd. 

Apparatus for Determining Particle Size Distribution. 
A centrifuge for separating particles of different size sus- 
pended in a liquid of lower density than the particles, 
the inner surface of the centrifuge being stepped and 
provided with strips on which the particles of different 
sizes are deposited. 
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U.S. No. 2,957,167. A. L. Parrack. Iss. 10/18/60. App. 

1/8/58. Assign. Texaco Inc. 

Method and Apparatus for Speed Variation Com pensa- 
tion in a Recording System. An {-m magnetic recording 
system in which an auxiliary track with equally spaced 
impulses is picked up during recording and its signal 
used to vary the f-m carrier to compensate for speed 
fluctuations of the recording medium. 


U.S. Re. 24,891. (Original No. 2,611,127). W. Palmer. 
Iss. 10/25/60. App. 10/28/47, 9/16/52, and 7/9/53. 
Assign. Seismograph Service Corp. 

Continuous Wave Navigation System. A c-w radio lo- 
cation system using two channels slightly separated in 
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frequency with the difference frequency used as a long 
wave-length system, the two carriers being synchron- 
ously modulated at lower frequency to provide coarse 
position indication, the difference-frequency system 
providing medium position indication, and the high- 
frequency system providing a fine position indication. 


U.S. No. 2,958,010. D. H. Carter and A. E. Nall, Jr. 
Iss. 10/25/60. App. 4/17/59. Assign. Welex, Inc. 


Recording System. A galvanometric reflected-light beam 
recorder in which the brightness of the light source is 
controlled from the galvanometer signal and increased 
in brightness with rate of change of galvanometer cur- 
rent so as to provide uniform photographic exposure of 
the light beam trace. 


SELECTED LIST OF U. S. PATENTS ISSUED DURING SEPTEMBER AND OCTOBER OF 1960 


Patent No. Subject* Patent No. 
2,951,291 444 2,952,019 
2,951 ,359 168 2,952 ,074 
2,951 , 365 140 29525153 
2,951 , 367" 452 2,952,154 
2,951,369 288 2,952,155 
2,951,371 428 2,952,156 
2,951 ,373-378 16 2,952,157 
2,951,461 188 2,952,248 
2,951,535 308 2,952 ,407-408 
2,951,538 36 2,952,416 
2,951,638 68 2,952 424-425 
2,951,639 16, 68 2,952,500 
2,951 , 652-654 224 2,952,501 
2,951,658 196 2,952,503 
2,951,659 16 2,952,574 
2,951,736" 364 2,952,575 
2,951,737 324 2,952,737 
2,951 ,738* 364 2,952,746 
2,951 912-914 224 2,952,762 
2,951 ,938 196 2,952,774 
2,951 , 940" 252 25952000 
2,951 , 941" 304, 308 2,952,806 
2,951,942 308 2,952,812" 
2,951 ,943* 304 2,952 ,833* 
2,951 , 944 308 2,952,834" 
2,951 ,945* 304 2,952,844 
2,951,946" 304 2,952,845 
2,951 ,982* 128 2,952,847 
2,952 ,000 288 2,952,920" 
2,952 ,006* 372 2,953,016 
2,952,010 224 2,953,017 
2,952,012 68 2,953,020 
2,952,014 316 2,952 ,022 


Subject* Patent No. Subject 
304 2,953 ,023* 180 
16 2,953 ,027 16 
168 2,953 ,092-093 136 
16 2,953,214" 136, 360 
200 2,953 , 303 16, 68 
288 2,953 , 312-313 224 
412 2,953 , 325-329 16 
148 2,953,505 324 
68 2,953 ,530 140 
224 2,953 ,680 236 
16 2,953,681 148, 308 
68 2,953,682 496 
324 2,953,685" 304 
224 2,953 , 686" 308 
40 2,953 ,687 308 
196 2,953,742" 120, 132, 320 
224 2,953,785 316 
224 Re.24, 880 16 
196 2,953,858 16 
308 2,953 ,925-926 16 
308 2,953,971 48 
228 2,953,979" 280 
360, 372 2,954,006 224 
348 2,954,090" 360 
360 2,954, 167 68 
68 2,954, 233 224 
16 2,954, 267-268 324 
316 2,954,303 224 
180, 444 2,954,470 236 
496 2,954,471" 144, 148 
12, 140 2,954,472 308 
316, 324 2,954,546 224 
148 2,954,549 68 


* \ key to the subject classification system will be found in Geopuysics, v. 12, pp. 256-264 (April, 1947) 


« Abstracted on preceding pages of this issue. 
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Patent No. Subject* Patent No. Subject* Patent No. Subject* 
2,954,554 316 2,956, 164" 308 2,957 ,083" 48, 220, 304 
2,954,555 312 2,956, 165* 304 2,957 ,092 12 
2,954, 608" 16 2,956, 183 68 2,957 ,096 308 
2,954,693 148 2,956, 184-185 484 2,957 , 104 68 
2,954,694 200 2,956,211 32, 136 2,957 , 128-129 228 
2,954 , 939-941 224 2,956,212 484 2,957,134 12 
2,955,169 224 2,956,224 168 2,957, 142 12 
2,955,170 484 2,956, 237 372 2,957,153 460 
2,955, 204 236 2,956,242 368 2,957 , 1598 8, 208, 288 
2,955, 207" 308 2,956, 251-252 288 2,957 , 1678 224, 364 
2,955,208 308 2,956, 264 468 2,957,171 316 
2,955,217 484 2,956, 271-272 68 Re. 24,891" 312 
2,955, 250 128 2,956, 274-275 316 2,957 , 338-339 496 
2,955,251* 128 2,956,278 12,16 2,957 , 340 140 
2,955,252 228 2,956,431 412 2,957 , 341 404 
2,955,253 228 2,956,434" 252, 396 2,957 , 346" 100 
2,955,277 224 2,956,436 16 2,957 ,347 200 
2,955 , 284-285 316 2,956,472 444 2,957 ,350 288, 484 
2,955,459 496 2,956,576 148 2,957 ,414 48 
2,955 ,463* 288, 452 2,956,634" 8 2,957 ,626-627 68 
2,955,467 224, 288 2,956,635" 8 2,957 ,742 324 
2,955,470 4 2,956,636 484 2,957 ,953 224 
2,955 472-473 16 2,956,718 224 2,957 ,954 484 
2,955 ,474 16, 180 2,956,771 236 2,957 ,985 236 
2,955,508 196, 416 2,956,789 12, 484 2,957 , 986-989 308 
2,955,518 444 2,956,852 324 2,957 , 9908 304 
2,955,533 48 2,957 ,049-051 224 2,957 ,994 484 
2,955, 761-762 68 2,957 ,053-054 484 2,958 ,0105 324 
2,955 , 781-783 16 2,957 ,074 372 2,958 ,027 324 
2,955,922 252 2,957,076 196 2,958 ,048* Siz 
2,956, 1628 308 2,957 ,079-081 308 2,958 ,056 288, 484 


2,956, 163" 304 
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CONTRIBUTORS 


S. T. ALGERMISSEN 


S. T. ALGERMISSEN received his B.S. degree from 
Missouri School of Mines in 1953. From 1954-1957 he 
did graduate work in Geophysics at St. Louis Univer- 
sity and Washington University, receiving an M.A. in 
1955, and a Ph.D. in 1957 from Washington University, 
St. Louis, Missouri. Summer employment from 1952 
until 1957 included interpretation of gravity and mag- 
smic field parties 


netic data, and work with various se 
including three months in Venezuela. From 1957-1959, 
he was associated with Sinclair Research Laboratories 
as a Project Engineer. In the fall of 1959, he joined the 
staff of the University of Utah as Assistant Professor of 
Geophysics. 


P. H. Dopp received B.S. and M.S. degrees with 
geology majors in 1947 and 1949 from Northwestern 
University, Evanston, Illinois. He joined the Raw 
Materials program of the U. S. Atomic Energy Com- 
mission in Grand Junction, Colorado in 1948 as field 
geologist. U. S. Atomic Energy Commission assign- 
ments include research geologist, district geologist, staff 
geologist, and two years on loan to the Australian 
government. He currently is Chief of Special Projects 
Branch of the Production Evaluation Division in Grand 
Junction. 


P. H. Dopp 


R. F. DROULLARD 


R. F. DRouLLARD received his B.A. degree, geology 
major, from Fresno State College, Fresno, California in 
1949. He has been employed by the U. S. Atomic 
Energy Commission since 1950 and is presently asso- 
ciated with the Geophysical Services Branch. He is a 
member of the American Geophysical Union and the 
Geological Society of America. 
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CONTRIBUTORS 


W. C. DUESTERHOEFT 


W. C. DUESTERHOEFT was born in Austin, Texas, 
December 10, 1921. He attended the University of 
Texas receiving the BSEE (1943) and the MSEE (1949) 
degrees and completed studies at the California Insti 
tute of Technology where he was awarded the Ph. D. 
degree in 1953. Mr. Duesterhoeft’s experience includes 
assignments as design engineer for the General Electric 
Co. from 1943 to 1946 and as aerophysics engineer for 
Convair 1952 to 1954. He has served as Instructor of 
Electrical Engineering at the University of Texas and 
California Institute of Technology from 1946 to 1952, 
and, since 1954, as Associate Professor of Electrical 
Engineering at the University of Texas. For the past 
three years Mr. Duesterhoeft has consulted with Lane 
Wells Co. on electrical logging problems through the 
consulting firm Applied Research Associates of Texas, 
Inc, of Austin, Texas. Mr. Duesterhoeft is a member of 
Tau Beta Pi, Eta Kappa Nu, Sigma Xi, IRE, and 
AIEE. 


JAN GEERTSMA was born in Holland in 1922. He 
graduated in 1951 from Delft Technical University 
with a degree in mechanical engineering after having 
finished his education in aeronautical engineering at 
the Haarlem Polytechnic School during World War IT. 
From 1951-1953 he was engaged in research work on 
the development of new types of flexible mine shafts for 
the exploitation of deep-buried coal seams in Western- 
Europe. In 1953 he joined the Oil Production Depart- 
ment of the Koninklijke/Shell-Laboratorium, Amster- 
dam; he is with 
Koninklijke/Shell Exploratie en Produktie Labora- 
torium, the Netherlands. He has worked for Shell on 
various subjects, such as the scaling problem of multi- 
phase fluid flow-in porous media and various kinds of 


now a senior research engineer 


Jan GEERTSMA 


problems in rock mechanics. Results of his work have 
been published in the United States and in Europe. 


\ 


Dirk C. SMIT 


Dirk C. Smit is a native of Holland. He joined 
MEKOG, a major fertilizer industry at Ymuiden in 
1950, where he worked for 5 years as a research assist- 
ant. Since 1955 he has been holding a similar function 
at the Oil Production Department of the Koninklijke/ 
Shell Exploratie en Produktie Laboratorium, the Neth- 
erlands. He followed special training in applied mathe- 
matics at the Mathematical Centre in Amsterdam and 
he is a specialist in programming for digital computers. 


Joun H. HENKEL attended Tulane University from 
which he received his B.S. and M.S. degrees in Physics 
in 1947 and 1948, respectively. He was employed by the 
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Joun H. HENKEL 


Magnolia Company at their Field Research Labora- 
tories from 1948 to 1951 and from 1954 to 1955. From 
1951 to 1954 he attended Brown University from which 
he received his Ph.D. degree in Physics in 1954. In 1955 
he joined the Physics Department staff at the Univer- 
sity of Georgia where he is now an Associate Professor 
of Physics. 

During the school year 1959-60 he held a National 
Science Foundation Science Faculty Fellowship and 


studied at Princeton University. 

Dr. Henkel is a member of the Society of Exploration 
Geophysicists, Sigma Xi, Sigma Pi Sigma, and the 
American Institute of Physics. 


AMALENDU Roy 


AMALENDU Roy was born in 1924. He received his 


Master’s degree in Physics in 1946 from Dacca Uni- 
versity, now in East Pakistan. Soon after, he joined 
the then newly opened Geophysical Section under the 
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Geological Survey of India and was later sent to the 
Colorado School of Mines where he obtained a Master’s 
degree in Exploration Geophysics in 1952. He joined 
the Department of Geology and Geophysics at the 
Indian Institute of Technology (Kharagpur) in 1954, 
where he received the Ph.D. degree in Exploration 
Geophysics and is now an Assistant Professor of 
Geophysics. He is a member of SEG and EAEG. 


SUDHIR JAIN 


SupHir JAIN was born in 1938. He received the 
B.Sc. Honours degree in Geology & Geophysics and the 
M. Tech., degree in Exploration Geophysics in 1957 
and 1959 respectively from the Indian Institute of 
Technology (Kharagpur). He is now working with the 
Oil and Natural Gas Commission, Dehra Dun (India). 


J. H. Scott 


J. H. Scorrt received his B.S. degree, geology maior, 
from Union College, Schenectady, New York in 1951. 
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After working with Beers and Heroy on a geological 
research project, he joined the Phillips Petroleum 
Company to become a seismograph computer. Since 
1954 he has been associated with the U. S. Atomic 
Energy Commission as a geophysicist, first with the 
Geophysical Research and Development Branch and 
presently with the Geophysical Services Branch. He is 
a member of the American Geophysical Union and the 
Society of Exploration Geophysicists. 


P. J. Mupra received his B.S. degree in Geophysical 
Engineering from St. Louis University Institute of 
Technology in 1954. He was then employed by the 
Atlantic Refining Company, Division of Seismic Ex 
ploration, prior to entering the U. S. Air Force. Upon 
separation from active duty, he joined the U. S. Atomic 
Energy Commission, Geophysical Research and De 
velopment Branch in Denver, Colorado, and is now a 
member of the Geophysical Services Branch in Grand 
F. J. McDonal, v. 23, p. 598; E. R. Niblett, v. 


Junction, Colorado. 
p. £1553 


Biographies of the following authors appear in earlier R. L. Sengbush, v. 23, p. 600; K. Whitman, v. 
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Applications for active membership have been re 

ceived from the following candidates. This publication 

does not constitute an election but places the names be 

fore the membership at large, in accordance with By- 

laws, Article III, Section 4. References are listed in 

parentheses following the names of each candidate. If 

any member has information bearing on the qualifica 

tions of these candidates he should send it to the presi 

dent within thirty days. 

APPLICATIONS FOR ACTIVE MEMBERSHIP 

Robert H. Adams (R. Maxey Pinson, Lorenz Shock, 
L. D. Dawson, Nils Lago) 

John S. Becker (J. B. Meitzen, R. C. 
Crow, G. O. Morgan) 

Oscar A. Buitron (Aart deJong, M. H. Dingman, W. 1 
Buckingham, R. D. DeJournette) 

J. Rowland Cox (D. E. McAnally, J. A. Steacy, J. A. 
Long, P. S. Stoutjesdyk) 

Wilbur FE. Dole (R. F. Weichert, F. 
Levy, R. W. Jackson) 

S. J. Duda (Dr. A. Schleusener, Theodor Krey) 

R. V. Edwards (George O. Morgan, L. A. Markley, 
J. B. Meitzen, B. M. Crow) 

Clarence H. Flowers (R. Maxey Pinson, G. L. 
L. J. Waddell, J. E. Clark) 

Harry G. Goodin (K. M. Lawrence, J. S. Hopkins, F. F. 
Campbell, A. I. Innes) 

Emery Holzl (P. Sundt, H. Hedstrom, Paul Pelletier, 
John Cizmark) 

Frank T. Ise (R. M. Slinkard, C. W. 
Seabrooke, S$. C. Stoneham) 

Charles H. Layat (Maurice Pieuchot, A. Clement, H. 
Richard, Bouchon) 

Wallace R. Miller (R. C. Clark, Clare N. Hurry, P. M. 
Tucker, I. L. Lawrence) 

Harlo H. Nelson (Hubert Guyod, Verlon Boysen, D. D. 
Mize, R. N. Ostreim) 

Frank W. Schmechel (F. L. Mitchell, S. J. Dallison, 
J. T. Williams, K. H. Koenen) 

James Wafer (E. L. Tomlin, S. R. Marsh, E. J. Laurent, 
W. E. McCullers) 

J. D. Wallis (W. B. Roper, G. W. Isensee, G. B. 
Davidson, P. Troseth) 

Jimmy G. Ward (H. K. Richardson, G. E. Tarbox, C. FE. 
Randall, E. A. Grinsley) 

Andrew J. Ware (Joe E. Allen, Max Walthall, Leo A 

Markley, J. B. Meitzen) 


Stone, B. M. 


A. Roberts, T. K. 


Laird, 


Hyatt; D. S. 


MEMBERSHIP APPLICATIONS RECEIVED 
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Arnold W. West (Thos. P. Maroney, W. C. Calledare, 
Jr., D. W. Scharf, J. C. Rose) 

Robert S. Young (Dr. R. F. Beers, R. S. Edmundson, 
R. G. Doyle, W. P. Williams) 

TRANSFER TO ACTIVE 


APPLICATIONS FOR 


MEMBERSHIP 

S. T. Algermissen (Kenneth L. Cook, A. J. Eardley, 
Glenn R. Harris, LeRoy S. Charon) 

W. A. Assis (L. A. Martin, J. A. Long, T. B. Portwood, 
Jr., B. W. Sorge) 

F. G. Bryan (F. L. Travis, Jr., 
Petsoff, H. B. Thomason) 

R. L. Burkett, Jr. (J. R. Root, R. E. Gathings, F. H. 
Agee) 

Wm. B. Caro (V. U. 
Wells) 

Thos. H. Crawford (J. R. Ording, D. H. Gardner, H. C. 
Kriegel, B. F. Ehrlick) 

Keith E. Crouse, Jr. (Ross Smith, Jr., W. W. Andrews, 
C. K. Fielder, L. L. Harp) 

John C. Duecker (Dr. T. J. O’Donnell, James Affleck, 
Sigmund Hammer, R. B. Carter) 

Henry E. Engman (G. C. Alvey, R. B. Oldaker, E. B. 
Manchee, E. FE. Pelzer) 

Wiley R. Feist (G. O. Morgan, Leo A. Markley, J. B. 
Meitzen, Homer Wilson) 

C. M. Ferree (L. E. Whitehead, Byron Vorheis, E. L. 
Wells) 

Ivan H. Garthwaite (R. W. Aldrich, G. B. Davidson, 
G. W. Isensee, R. B. Cornell) 

Wm. T. Gilland (S. J. Allen, A. S. Maureiro, John C. 
Hoffman) 

James I. Gimlett (D. V. E. Scheid, Prof. J. L. Soske, 
K. E. Hunter, Wm. C. Kellogg) 

Earnest M. Hall (Dave Carlton, W. B. Lee, W. T. Lea, 
Tom Hall) 

John G. Heacock (E. H. Anderson, C. H. Gregory, B. B. 
Hughson, J. M. Nash) 

Andrew Kennedy (H. R. Reuden, R. 
E. G. Haines, R. D. Holland) 

Alton L. Linehan (R. H. Rainey, Ray H. Wright, Sam 
Evans, Ben Howard) 
Paul G. Mathieu (R. E. 

Barthelmes) 
Joseph F. McGlone (Wm. E. N. Doty, K. H. Waters, 
Graydon L. Brown, Frank Searcy) 


S. G. Manos, G. J. 


Gaither, Byron Vorheis, E. L. 


F. Zimmerly, 


Dolan, J. N. Wilson, A. J. 
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Peter M. Randall (H. J. Kidder, M. 
Halpenny, N. Rothenburg) 

Amalendu Roy (P. K. Bhatta Charya, D. K. Gangerly, 
T. C. Bogchi, S$. N. SenGupta) 

Daniel Schwartz (T. J. O'Donnell, L. 
James Affleck) 

Charles E. Schweiger (W. H. 
Tuller, G. L. Ellis) 

Edwin R. Scudday (L. F. Uhrig, Leon Fischer, J. W. 
Rustamier, C. D. Bearden) 


W. Gardner, 


Hawkes, Dr. B. A. 


Maclver, F. E. 


MEMBERSHIP APPLICATIONS RECEIVED 


Donald W. Smellie (L. W. Morley, J. D. Hobson, L. S. 
Collett, G. W. Sander) 

Edw. R. Smith (R. F. Thyer, K. R. Vale, J. C. Dooley, 
M. J. Goodspeed) 

Richard R. Tharp (James R. Ording, D. H. Gardner, 
V. L. Redding) 

David H. Warren (Eugene E. Cobb, Roy E. Connelly, 
J. A. Harris, H. E. Stommel) 

Jack H. Yelken (W. H. Courtier, H. L. 
H. B. Walz, P. M. McNally) 


Mendenhall, 
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RICHARD BREWER 


RICHARD BREWER, candidate for President, was grad- 
uated from Purdue University in 1953 with a B.S. in 
Electrical Engineering. He returned to that institution 
for graduate work in mathematics and physics, and in 
1936 was employed by the Shell Petroleum Corporation 
as Assistant Seismologist. In 1942, after serving as Seis 
mologist in Louisiana, Texas, and New Mexico, he 
joined the Electronics Training Group of the U. S. 
Army Signal Corps, and served in the European and 
Caribbean Theaters. 

In 1946 he joined the Atlantic Refining Company as 
Assistant District Geophysicist, and his experience with 
that company included work in South and East Texas, 
North Louisiana, Arkansas, Mississippi, and Alabama. 
He resigned in 1954 to become Vice-President of Con- 
tinental Geophysical Company. 

In 1957 he joined C. B. Reed in organizing the con 
sulting firm of Reed and Brewer. 

Mr. Brewer has served as President of the Ark-La 
Tex Geophysical Society, Vice-President of the Fort 
Worth Geophysical Society, and has been a member of 
numerous SEG Committees. He has written several 
geophysical papers, and is, at present, a Trustee of the 
SEG Foundation. 


LAWRENCE Y. Faust, candidate for President, served 
as Editor of the Society from 1957 to 1959, his final 
issue of GEopuysics being the Silver Anniversary num- 
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LAWRENCE Y. Faust 

ber. Experience in SEG affairs includes Executive Com- 
mittee membership under Presidents Clifford and Mc- 
Collum and previous representation to the SEG Coun- 
cil from the Geophysical Society of Tulsa. Formerly he 
held the first vice-presidency and presidency of the 
Tulsa section and an associate editorship of GEOPHYSICS. 

Dr. Faust’s geophysical career began with the Sun 
Oil Company (1926-1927) primarily in magnetic sur- 
veys. This phase occurred between receiving a B.S. 
from Franklin and Marshal! (1925) and a Ph.D. in 
Physics from University of Pennsylvania (1930). He 
joined Geophysical Research Corporation in 1930 serv- 
ing as party chief and later as supervisor. Transferred 
to the parent company, Amerada Petroleum Corpora- 
tion, his work has been principally with seismic reflec- 
tion and refraction methods but has included supervi- 
sion and interpretation of some gravity and electrical 
surveys. At present he leads an applied research team; 
directs geophysical exploration in Somalia for the Sin- 
clair Somal group; directs geophysical exploration in 
Tunisia for Conorada; and consults with the latter 
group (Oasis Oil Company of Libya) on seismic inter- 
pretation in Libya. 

He has contributed papers to GeopHysics, Physical 
Review, AAPG Bulletin, and Transactions, American 
Geophysical Union. One of his papers appearing in 
GeopnHysics received the Society’s Best Paper Award 
for 1951. The velocity relationships established in that 
paper are now frequently accepted as natural laws by 
other authors in the field. 
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Mitton B. DosrRIN 


MiLtTon B. Dosrin, candidate for First Vice-Presi- 
dent received the B.S. degree in Physics from the Massa 
chusetts Institute of Technology in 1936, the M.S. in 
Physics from the University of Pittsburgh in 1941, and 
the Ph.D. in Geology from Columbia University in 
1950. From 1937 to 1942 he was a geophysicist for Gulf 
Research and Development Company at Pittsburgh 
and in the field. From 1942 to 1949 he was a physicist at 
the U. 
period he participated in the initial atomic bomb tests 


S. Naval Ordnance Laboratory, during which 


at Bikini and spent a summer at the Arctic Research 
Laboratory at Point Barrow, Alaska. On leave from 
N.O.L. between 1947 to 1949 to complete his graduate 
studies, he was on the staff of Columbia University as 
Lecturer in Geology. 

From 1949 to 1955 Dr. Dobrin was a senior research 
technologist at the Magnolia Petroleum Company’s 
(now Socony Mobil’s) Field Research Laboratories in 
Dallas. Since 1955 he has been with Triad Oil Co. Ltd., 
Calgary, initially as Interpretation Supervisor and since 
1960 as Staff Geophysicist. In 1959, he was on special 
assignment to British Petroleum Co., Triad’s parent 
company, as Geophysical Advisor in Papua, on the is- 
land of New Guinea. 

Dr. Dobrin was Editor of Gropuysics from 1953 to 
1955, having previously been chairman of the SEG’s 
Reviews Committee and the Distinguished Lectures 
Committee. He was President of the Dallas Geophysical 
Society in 1953 and the Canadian Society of Exploration 
Geophysicists in 1960-61. He is currently a member of 
the Associate Committee on Geodesy and Geophysics 
of the National Research Council of Canada. He is 
author of Introduction to Geophysical Prospecting (first 
edition, 1952; second edition, 1960) and has written (as 
author or co-author) about a dozen papers for geo- 
physical or geological journals. 

He is a Fellow of the Geological Society of America 


and a member of the American Association of Petrol 
eum Geologists, the American Geophysical Union, the 
European Association of Exploration Geophysicists, 
the Seismological Society of America, and the Alberta 
Society of Petroleum Geologists. 


H. J. Kipper 


Haroip J. Kipper, candidate for First Vice-Presi 
dent was born in Galveston, Texas, and educated 
through high school in Mexico City, Mexico. He at- 
tended Rice Institute, Houston, Texas, and the Uni- 
versity of Texas, where he obtained a bachelor of arts 
degree in physics in 1937. 

Upon graduation he joined Geophysical Research 
Corporation as a geophysical trainee on a seismic crew 
and worked as geophysical helper and junior computer 
until 1938, when he was employed by Magnolia Pe- 
troleum Company on a company-operated seismic crew. 
He progressed through all positions to party chief and 
in 1945 transferred to the parent Company, Socony- 
Vacuum Oil Company and served in Bogota, Colombia 
as seismic supervisor until the end of 1947. In 1948 he 
was transferred to Calgary, Alberta, Canada, as geo- 
physical supervisor and in 1952 became Chief Geo- 
physicist for the Canadian Company, Mobil Oil of 
Canada, Ltd., the position he now holds. 

He is a charter member, past secretary-treasurer, 
past vice-president and past president of the Canadian 
Society of Exploration Geophysicists, a past chairman 
of the Geophysical Committee of the Canadian Petro- 
eum Association, and an active member of the Society 
of Exploration Geophysicists and the American Asso- 
ciation of Petroleum Geologists. 


Joun S. SuMNER, candidate for Vice-President, has 
been Chief Geophysicist for Phelps Dodge Corporation 
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JoHN S. SUMNER 


in Douglas, Arizona since 1957. He received degrees in 
physics and geology from the University of Minnesota 
and a Ph.D. from the University of Wisconsin in 1955, 
Mr. Sumner served in the U. S. Marine Corps during 
World War II and in Korea as a fighter pilot. He has 
been associated with the Cleveland Cliffs Iron Com 
pany, Jones and Laughlin Steel Corporation, and Me- 
Phar Geophysics, Inc. in his career in mining geophys 
ics. 

He is a member 


# the Society of Exploration Geo- 
physicists, American Institute of Mining and Metal- 
lurgical Engineers, the Society of Sigma Xi, and the 
American Geophysical Union. 


STANLEY H. Warp 


STANLEY H. Warp, candidate for Vice-President, 
was born in Vancouver, B. C. He attended the Uni- 
versity of Toronto and received a B.S. degree in Engi- 
neering Physics, and the M.A. and Ph.D. degrees in 


Geophysics. 


Dr. Ward was Chief Geophysicist and Managing Di- 
rector for McPhar Geophysics Limited from 1949 to 
1954. From 1954 to 1958 he was employed in the same 
capacity by Nucom Limited. From 1958 to the present 
he has been a Consulting Geophysicist and since 1959 
Dr. Ward has also held the position of Associate Pro- 
fessor of Mineral Exploration at the University of 
California. 

Dr. Ward is a member of SEG, AIME, EAEG, 
CSEG, AGU, Canadian Institute of Mining and Metal- 
lurgy, and Professional Engineers of Province of On- 
tarlo. 


SAMUEL R. Marsu 


SAMUEL R. MArsu, candidate for Secretary-Treas- 
urer, graduated from Baylor University in 1933 with a 
Bachelor of Arts degree in Physics and Mathematics. 
During the following two years he was a graduate assist- 
ant at the University of Oklahoma where in 1935 he re- 
ceived the Master of Science degree in Physics. 

In 1935 he was employed by the Carter Oil Company 
and for approximately 10 years worked as a seismo- 
graph operator and party chief in the southern, mid- 
continent and Rocky Mountain areas. From 1946 to 
1950 he was Geophysical Supervisor for Creole Petro- 
leum Corporation in Venezuela. In 1950 he returned to 
the United States and has been employed by The Carter 
Oil Company and Humble Oil & Refining Company as 
Area Geophysicist with headquarters first in Billings, 
Montana, but currently in Shreveport, Louisiana. 

Mr. Marsh served as president of Montana Geo- 
physical Society in 1956. In 1960 he was general chair- 
man of the Midwestern Exploration Meeting of SEG in 
Shreveport. 


R. MAxey Pinson, candidate for Secretary-Treas- 
urer, received his higher education at Texas Techno- 
logical College and Texas Christian University. 
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R. MAxey PINSON 


He joined Texaco in 1947 and was assigned to a re 
fraction seismograph crew. He worked in West ‘Texas 
and Wyoming until late 1948, when he entered the 
United States Army. During 1949, he was stationed at 
Fort Belvoir, Virginia, as an instructor of Photogram 
metry in the Engineering School. 

Returning to Texaco in 1950, he served on various 
field seismograph crews and in the Fort Worth Division 
office until 1953, when he joined Union Oil Company of 
California as a Geophysicist. Since 1955, he has been 
Division Geophysicist, with headquarters in Midland, 
Texas. 

In 1958-59, he served as Secretary of the Southern 
Seismic Well Shooting Association. Mr. Pinson is a 
past Vice-President, President, and District Repre 
sentative of the Permian Basin Geophysical Society. 
He is Co-Chairman of the SEG Membership Commit 
tee. 

Mr. Pinson is a member of the Society of Exploration 
Geophysicists, Seismological Society of America, Per 
mian Basin Geophysical Society, West Texas Geological 
Society, and Sigma Gamma Epsilon. 


Joun Bemrose, candidate for Editor, is a graduate of 
the University of London. He took part in torsion bal 
ance surveys in England and Iran in 1935 for the Inter- 
national Geophysical Prospecting Company. In 1938 
he joined the Royal Dutch Shell group of companies 
and served as a gravity party chief in Venezuela. In 
1940, after a period of training in practical and theo- 
retical seismology in Houston, he served as a seismolo- 
gist and seismic party chief in South Sumatra, Nether 
lands, East Indies until the outbreak of the Pacific War. 
After evacuation to Australia he received a commission 
in the Royal Australian Air Force and, after technical 
training, commanded radar stations in Papua and New 
Guinea. Two years later he returned to Shell in Vene- 


JoHN BEMROSE 


zucla as a seismic supervisor and later division geo- 
physicist. In 1947, as chief geophysicist for Shell in the 
Bahamas, he served on the BAMS coordinating com- 
mittee in carrying out the largest jointly operated 
magnetometer survey ever attempted over a marine 
area. At its conclusion he returned to The Hague to 
make the basic interpretation of this survey. Late in 
1948 he joined Sohio Petroleum Company in Houston, 
Texas and served for twelve years in various staff ca- 
pacities in the United States and Canada, and finally as 
a senior research geophysicist. Recent aspects of his 
work are involved with the applications of digital com- 
puters to geophysical exploration problems. He is pres- 
ently associated with Sinclair Research Laboratories, 
Inc., Tulsa, Oklahoma. 

He is the co-author of an article in GeopuHysics, has 
presented several technical papers at national and re- 
gional meetings of the SEG, served as Chairman of the 
Distinguished Lectures Committee, and as Secretary, 
President, and District Representative of the Geo- 
physical Society of Oklahoma City. He is presently 
Program Chairman of the 14th Annual Midwestern 
Meeting, scheduled for April 9-11, 1961, in Oklahoma 
City. He is a member of the Physical Society (London), 
The American Geophysical Union, the European Asso- 
ciation of Exploration Geophysicists, and the Associa- 
tion for Computing Machinery. 


R. B. Rice, candidate for Editor, is a native of Okla- 
homa. He obtained his BA degree in mathematics and 
physics at the College of Wooster, Wooster, Ohio in 
1941. From 1941 to 1945 he taught and did graduate 
work in mathematics at Ohio State University. From 
1945 to 1956 he worked for Phillips Petroleum Com- 
pany at Bartlesville, Oklahoma, the last ten of these 


years being devoted to geophysical research. In 1956 he 
joined the Denver Research Center of The Ohio Oil 
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Company as Senior Research Mathematician, and in 
1960 was appointed Supervisor of the Physics Depart- 
ment. 

He has taught graduate courses in mathematics for 
the Extension Divisions of Oklahoma State University 
and the University of Colorado, and has published a 
number of articles on seismic interpretation which have 
appeared in Geopnysics and various trade journals. 

Mr. Rice is a past treasurer of the Geophysical 
Society of Tulsa and is presently a member of the Re 
search Committee of the Society of Exploration Geo- 
physicists. He is also a member of the Denver Geo- 


physical Society, European Association of Exploration 


Geophysicists, American Mathematical Society, Mathe- 
matical Association of America, American Physical So 
ciety, Society for Industrial and Applied Mathematics, 
Institute of Radio Engineers, and Institute of Manage R. B. RICE 


ment Sciences. 
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ANNOUNCEMENTS 


Association of Ex- 


The Officers of the European 
ploration Geophysicists for the year ending May 19061 


are: 


President: B. Baars, Bataafse Internationale 
Petroleum Maatschappij N.V., 30 
Bylandtlaan, The Hague, The Netherlands. 


Vice-President: H. Cross, Bundesanstalt fiir Boden 


Carel van 


forschung, Wiesenstrasse 1, Hanover, Germany. 


CORRECTION 


On page 1313 of the December, 1960 issue of GEO 
puysics the fourth and sixth lines state erroneously that 
Dr. Nelson C 


“Classics of Geopuysics” and the editorial Silver 


Steenland is the author of the article 


Secretary-Treasurer: H. J. HOOGEVEEN, Bataafse In 
ternationale Maatschappij N.V., 30 
Carel van Bylandtlaan, The Hague, The Nether- 


Petroleum 


lands. 

Editor: O. 
troleum Maatschappij N.V., 30 Carel van Bylanat 
laan, The Hague, The Netherlands. 

Past-President: V. Baranov, Compagnie Générale 
de Géophysique, 50 Rue Fabert, Paris 7, France 


Bataafse Internationale Pe 


Anniversary of Gropnysics” which appeared in the 
February issue of GEOPHYSICS. 
The Editor at that time and the correct author is 


Dr. L. Y. 
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ABSTRACTS 


Bulletin (Izvestiya) February, 1960, Academy of Sciences, U.S.S.R., Geophysics Series. 


New Principles in Establishing Seismic Regions, Based 
on an Example from Central Tien-Shan, 1 


M. V. Gzovsky, V. N. KRESTNIKOV, I. L. NERSESSOV, 
AND G. I. REISNER 


Azimuth-Phase Correlation of E:lliplically Polarized Seis- 
mic Waves 


E. I. HALPERIN AND A. V. FROLOVA 


The theory of the azimuth-phase correlation of 
elliptically polarized waves is examined. The features of 
azimuthal seismograms are investigated. Methods are 
proposed for the solution of the converse problem of 


finding the wave polarization parameters. 
The Frequency Theory of Interference Systems. I 
M. HOLZMANN 


Theoretical results obtained in Part 1 are used to 
derive methods for the synthesis of systems in terms of 
given directional characteristics, and applications of 


these methods are considered. 


On the Application of Seismic Frequency Sounding for 
the Investigation of the U pper Part of a Cross-Section 


T. G. IVANOVA 


The paper adduces some new experimental data in 
regard to the variation in the apparent angles of in 
cidence of waves onto the surface of the Earth during 
the tuning of the apparatus for the registration of vari 
ous frequencies. It has been established that the angles 
of incidence of the waves are affected by a soil layer of 
insignificant thickness. 

An interpretation is presented of the dependence of 
the apparent angle of incidence of a wave on the fre 
quency of the oscillations being recorded, and the 
velocity in the soil layer, as well as its thickness, have 
been determined. 


Automatic Equipment at the Seismic Stations of the 
North-Tien-Shan Zone 
A. A. VOGEL 


The paper submits a description of the equipment 
installed at the seismic stations of the North-Tien- 


Shan zone intended for the automatic increase of the 
filament voltage, introduction of multistage scale com- 
pression device (“‘sagrublenie”’), and a warning system 
during the recording of earthquakes. 


IGY Observations of the Vector of Horizontal Geomagnetic 
Field Variations 


A. G. KALASHNIKOV AND K. Yu. ZyBIN 


Three-component fluxmeter registrations of magnetic 
field variations are analyzed to determine the behavior 
of the vector of short-period geomagnetic field varia 
tions as a function of the time of day and for compari 
son with the behavior of the electric field vector. The 
ratios of the electric to the magnetic components are 


determined as a function of the period of variation. 


Thermal History of the karth 
B. Yu. LEvin Anp S. V. MAEVA 


Optimum Conditions for Continuous Activation Logging 


Yu. P. BULASHEVICH AND S. A. SHULYAT’EV 


We obtained the distribution of the density of ac 
tivated atoms along the shaft of a bore with activation 
by a moving constant or impulse source of neutrons and 
examined the dependence of this distribution on the 
rate of logging and the parameters of the medium. 

We also obtained an expression for the number of 
activated atoms and the intensity of the y-radiation in 
logging with respect to points. Finally, we cite numerical 
values for activation effects for bauxite deposits. 


On the Theory for Interpreting Gamma-Ray Logs in 
Layered Media 


G. M. VosKOBOINIKOV 


We consider a method for calculating the gamma 
field in radiating-absorbing layered medium by 
means of an equivalent transformation into a medium 
of uniform density. This transformation leads to a 
general theorem for the area bounded by the gamma- 
anomaly curve. The theorem can be used to compute 
the linear reserve of the radiation source in a medium of 
variable density. 
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Density and Gravitational I ffect of Paleozoic Rocks in the 
Tatar Republic 
A. G. SALIKHOV AND V. P. STEPANOV 

The authors set forth new information on density 
variations of Paleozoic rocks in the Tatar ASSR, both 
laterally and within the Bondyug and Elabuga De 
vonian structures. They present data concerning the 
gravitational effect caused by variations of the density 
interfaces. The given investigations were undertaken in 
conjunction with detailed gravimetric surveys in the 
Tatar Republic and adjacent areas. 
The Inter pretation of Data on the Dispersion of Surface 
Waves Using Bilogarithmic Grids of Theoretical 
Dis persion Curves 
A. L. LEVSHIN 
On the Possibility of the Application of the Multistage 
Scale Compression Device of Seismogra pls 
V. M. FremMp 
Effect of Unilateral Pressure upon Electrical Resistance 
of Rocks 
I. PARKHOMENKO AND A. T. BONDARENKO 


Investigating variations in resistance of rocks under 


ABSTRACTS 


unilateral pressure at various moisture contents, it was 
established that both the behavior of rocks in a direct 
electrical current as well as the intensity in variation of 
specific resistance depend significantly upon the mois 
ture content in rocks. In this connection, the maximum 
variation in resistance is not observed at maximum or 
minimum humidity, but at a certain average content of 
moisture. Apparently such an increase in the con 
ductivity of rocks with pressure occurs as a result of the 
formation, from liquid, of continuous current-conducting 
channels upon compression of the sample. 

It should also be noted that the most sharp increase 
in electrical conductivity during unilateral pressure oc- 
curs in the range of relatively low mechanical stresses 
up to 200 kg/cm? and the maximum variation, equal 
ling 50-100%, occurred in shales with a moisture con 
tent of 28-32%. 

The data derived on the variation in electrical con 
ductivity of rocks when exposed to unilateral pressure 
should be taken into consideration in interpreting the 
diagrams of electrical logging of deep boreholes. 
Calculating the Transitional Resistance of a Cylindrical 
Grounding in a Bore Hol: 


I. K. OVCHINNIKO\ 
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New Principles in Establishing Seismic Regions, Based 
on an L:xample from Central Tien-Shan. 


M. V. Gzovsky, V. N. KrestNikov, I. L. NERSESSOV 


AND G. I. REISNER 


Travel Times of Longitudinal and Transverse Waves, 
Calculated From Data on Nuclear Explosions Made 
in the Region of the Marshall Islands 


S. D. KoGan 


For the surface focus in the region of the western part 
of the Pacific Ocean the true travel time of a P-wave is 
two seconds less, of a PP-wave 5 seconds less, and of a 
PcP-wave 3 seconds less than that of the Jeffreys 
Bullen travel-time curve. In comparison with this same 
travel-time curve the travel time of transverse waves 
is 4-5 seconds greater. If corrections for longitudinal 
waves can be nearly completely explained by the ab- 
sence of a granite layer in the Pacific Ocean region, 
then corrections for transverse waves are most likely 
connected with the fact that the values for the velocity 
of S-waves in the upper part of the mantle are less than 
those which are accepted at the present time. 


The Seismic Activity of China 
ME! 


Methods and Principal Results of Seismic and Gravimet 
ric Studies of the Structure of the Eastern Antarctica 
O. G. SorokuHTIN, O. K. KoNpRAT'EV, yu. N. AvsyukK 
A brief description is presented of the methods of 
seismically and gravimetrically determining the thick 
ness of ice under Antarctic conditions. Expediency of a 
general utilization of these methods is shown. Finally, 
a cross section is described of the glacial cover along the 
profile Mirnyi-Pole of Inaccessibility. Some conclusions 
are drawn as to the geological structure of the East 
Antarctic mass. 
The Energy Consumed in the Formation of the Earth's 
Crust 
E. N. Lustic 
In the process of the crust’s formation produced by 
the differentiation of the Earth’s mantle, energy of an 
average order of 107° erg/year is released. If our evalua- 
tion of the energy of tectonic processes computed on 
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the basis of the energy of seismic waves is correct, then, 
under certain conditions the amount of the released 
energy may be sufficient for sustaining these processes. 
From this viewpoint, the most logical scheme would be 
one based on the assumption that sial rises from the 


mantle along a planetary fracture. 


The Kliait Earthquake of 1949 and the Geological Condi- 
tions of its Origination 

N. N. LEonov 

The Statistically Orthogonal Expansion of Empirical 
Functions 


A. M. 


A method is developed for the statistical analysis of 
empirical functions that is based on the application of 
“natural” orthogonal expansions. ‘This method is illus 
trated by applying it to theoretical models, and also 
to the analysis of the daily variations of the barometric 
pressure field with these variations considered as func- 
tions of the height. It is shown that in many cases a 
two-parameter model is sufficiently accurate in de 
scribing the pressure variations in the real atmosphere. 


An Altem pt to Forecast the Time of Near Earthquakes 
R. M. KARMALEEVA 

Determination of a Refracting Boundary from Azimuthal 
Station Data 

E. V. GLIVENKO 

A Detector Unit Incorporating a Photoresistance for Use 
in Seismic Stations 

V. M. FREMD 

Sources of Bay-Shaped Disturbances 

M. I. PUDOVKIN 


Summarizing the results of the conducted analysis of 
individual bay-like disturbances, one can formulate the 
following conclusions. 

1. Obviously, the source of bay-like magnetic dis- 
turbances consists of clouds of elevated ionization, mov- 
ing at a velocity of about 120 m/sec. The derived rela- 


Determination of the Stresses Active in the Foci of Earth- 
quakes, Based on Observations at Seismological Stations 


A. V. VVEDENSKAYA 


A model of the fault forces, as established by the dis- 
location theory, is used for studying the stresses effec- 


ABSTRACTS 


Bulletin (Izvestiya) April, 1960, Academy of Science, U.S.S.R., Geophysics Series. 


269 


tionship of the vector of an excited field with the wind 
direction in the ionosphere with the normal Earth’s 
magnetic field gives evidence that the dynamo effect 
constitutes the mechanism of exciting the electric cur- 
rents in the ionosphere. 

2. The electric currents, responsible for the bay-like 
disturbances, flow in the ionosphere in the form of wide 
belts (about 400 km wide according to magnetic data 
and about 600 km wide according to ionospheric data). 
The height of these currents equals 100-150 km, i.e., 
corresponds to the height of the /-layer. The average 
current density equals 8X10~* a/cm?, whence one can 
conclude that density of electrons in the zone of auroras 
at the time of bay-like disturbances increases to 10°— 10 
e/cm*, which confirms the results of observations on the 
intensity of aurorae. 


One of the Causes of Non-coincidence of Vector of Rock 
Residual Magnetization with Direction of Magnetizing 
Field 

S. Yu. BRopsKAya AND M. A. GRABOVSKY 


1. The vector of residual magnetization in the in- 
vestigated stratified anisotropic rocks does not coincide 
with the direction of the magnetizing field. 

2. Independently of how the magnetizing field was 
directed during the onset of magnetic intensity and at 
present, the vector of the residual magnetization of 
stratified rock will approach the plane of stratifica- 
tions. It will remain in almost the same plane upon 
temporal variation in the field direction, since the 
longitudinal component always has the predominant 
value. 

3. In the case when the magnetizing field is directed 
almost perpendicularly to the plane of stratifications, 
the vectors of residual magnetization of individual 
samples, remaining almost in the plane of the stratum, 
may be directed in the opposite direction. 

4. The non-coincidence between the vectors 7, and 
H, caused by the anisotropy of the rock, is stable even 
in case of magnetization at low temperatures. 


The Calculation of a Variable Electromagnetic Field over 
a Sloping Vein 


V. N. NIKITINA 


tive in the focus prior to the disruption of the continuity 
of the medium, and which are then released at the m»- 
ment of the break. A method for determining these di- 
rections from the recordings of two or more seismolog- 
ical stations is introduced. 
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Like Signs 
V. N. STRAKHOV 


Integral methods of interpreting magnetic anomalies 
AZ having like signs (i.e., produced by magnetic masses 
of a like sign) are discussed. Examples of the interpre 
tation of magnetic anomalies of the KMA-type by 


methods suggested in this article are adduced. 


Energy Distribution of Gamma Rays in the Atmospheric 
Boundary Layer 


R. M. KoGAN AND Su. D. FRIEDMAN 


We present calculations of the gamma-ray energy dis 
tribution in the atmospheric boundary layer up to a few 
hundred meters. The calculations were based on a lay 
ered-medium model. The radiation sources were radio 
active elements of the uranium and thorium series and 
radioactive potassium uniformly distributed in the top 
rock layer, or radioactive elements with a given gamma 
ray energy /:) in the form of a thin uniform layer at the 
rock-atmosphere boundary. The response of some types 
of isotropic gamma-ray detectors to the gamma-ray 


field is estimated. 


On Determining the Elements of a Seismic Ray from the 


Data of a Single Station 
G. D. PANASSENKO 


An evaluation is given of the errors in determining 
the azimuthal angle and the coefficient of the horizontal 
component of the displacement vector for a three-com 


ponent seismographic setup as a function of the azi 


On the Determination of the Energy of Elastic Waves 
Generated by Earthquakes 


E. F. SAVARENSKY, N. V. KonporsKAYA AND V. L. 
BELOTELOV 


The paper examines the question of the determination 
of the energy of body seismic waves from the data of 
distant stations, taking into consideration the non 
uniformities in the emission by the focus. A device for 
the evaluation of the density of the energy by the seis 
mogram is suggested. An example is adduced of the de 
termination of the energy of the earthquake of Jan 
uary 3, 1957. 


On the Determination of the Energy of Seismic Waves 
of Arbitrary Form 


S. Ya. KoGan 


A formula is obtained for the calculation of the 
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Integral Methods for Interpreting Anomalies AZ Having 
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muthal angle. It is shown that the probability of these 
errors in relation to the least error at an azimuthal 
angle of 45° grows rapidly, as a function of the azimuthal 
angle. Conditions are given which guarantee a given 
accuracy in determining the azimuthal angle and the 
modulus of the horizontal component. 

A four-component system for an assembly of seismo 
graphs is proposed. Its advantage is shown over the 
three-component system. Examples of determination 
of the azimuthal angle and the apparent angle of emer 
gence of a seismic ray from records of a four-component 
assembly of seismographs of a general type (D. P. 
Kirnos) at the seismographic station “Apatity” are dis 


cussed. 


On Certain Results Obtained from the Study of Vertical 
Gradients of a Magnetic Field in the Area of the Kursk 
Magnetic Anomaly 


M. I. Laprna 


Karth’s Magnetic FieldastheSum of Fields of Two Dipoles 


B. M. 


The General Solution of an Axially Symmetrical Problem 
in Induction Logging Theory 


V. N. NIKITINA 


The Determination of the Anisotropy Coefficient and the 


Angle of Inclination of a Homogeneous Anisotropic 
Medium, by Measuring the Impedance of the Natural 
Electromagnetic Field 


D. N. CHETAEV 


energy of Rayleigh surface waves of arbitrary form, us 
ing the displacement and the velocity of displacement 
of the ground at the point of observation. This formula 
is derived on the basis of a general expression of the 
density of flow of energy. By way of an example of this 
general expression, the formula of Zoeppritz-Wiechert 
for the longitudinal body wave is obtained. 


Determination of Pressure in the Vicinity of a Front. 
1. The Case of a Liquid Halfs pace 


A. G. BAGDOEV 


The penetration of pressure, distributed according 
to an arbitrary law over the surface of an elastic or 
liquid halfspace, into the depth of this halfspace is exam- 
ined. The pressure and stress tensor at the front of a 
wave in the halfspace are computed. In the case of an 
inhomogeneous liquid the pressure distribution is com 
puted also in the neighborhood of the front, 
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The Peculiarities of Seismic Waves in Media with Vertical 
Interfaces 


V. V. KuHN 
(From Model Investigations) 


This paper describes the results of a study on three 
dimensional liquid-solid models of the peculiarities of 
seismic waves in media with vertical interfaces in the 
presence of a covering layer. An analysis is made of the 
dependence of the relative intensity of head and dif 
fracted waves on the thickness of the covering layer and 
the ratios of the velocities and densities at the vertical 
boundary. Some examples are adduced of the compari 
son of the results of the study of media with vertical 
interfaces obtained both from models and in experi 
mental field work. 


Microvariation Station LSU and the Results of its Ofera- 
tion in Borok During the Spring of 1959 


B. FE. BRUNELLI, O. M. Raspopov AND B. M. YANovSKY 


This paper discusses the microvariation station con 
structed at Leningrad State University for recording 
short-period oscillations (SPO) of the electromagnetic 
field of the earth. The advantage of the equipment is 
presented in comparison with other instruments used 
for the same purposes. Virst results are given of the 
operation of the microvariation station LSU during 


the Spring of 1959 at the geophysical station of the 
Acad. Sci. USSR “Borok.”’ 


On Vertical Fluctuations of the Water Temperature in 
the Black Sea 


GLINSK\Y 


Magnetic Anomalous Field of the Tatar ASSR and Its 
Connection with the Geologic Structure 


V. P. STEPANOV 


1. All the magnetic anomalies of the Tatar ASSR 
are connected with the inner structure and petrographic 


Frequency Theory of the Grouping (Compositing| of 
Signals on a Background of Correlated Noises 


F. M. HoLzMANN 


The principal properties of space-coordinate repre- 
sentations of coherent signals and of non-coherent, cor 
related noise are examined. Compositing of signals is 
reduced to filtering of suitable space-coordinate repre- 
sentations. Dependence of the mean-square amplitude 
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composition of the crystalline basement—with the 
magnetically active masses within it. 

2. Between the depths of occurrence of the basement 
boundary and the upper edge of the perturbing masses, 
there was established a fixed dependence, permitting 
one to determine with sufficient accuracy the depth of 
the occurrence of the crystalline basement. 

3. The banded magnetic anomalies, coinciding with 
the zones of horizontal gravity gradients, being inter- 
preted as abruptions in the basement, are promising for 
the prospecting of local structure in the sedimentary 
layer of the Paleozoic era. 

Kazan Geophysical Expedition of the ‘“Tatneftegeo- 
fizika”’ ‘Trust 

The Relative Intensity of lead Waves Propagated in 
Media with Vertical Interfaces 

G. N. PARUSKAYA AND V. V. KUHN 

The Gravitational Potential of an Elliptic Paraboloid 

L. I. GAVRILOV 


The Influence of the Earth's Surface on an Electromag- 
netic Field of Cylindrical Inhomogenetty 


B. P. DDYAKONOV 


An Application of the Magnetic Modulator and Reso 
nance Amplifier in a Device for the Recording of the Energy 
Flux of Seismic Waves 


A.V. Rykov 


The Dependence of the Zero-Point Drift of Quartz Gravim- 
eters on the Thickness of Fibers of an llastic System 


E. I. Popov 


of the noise at the output of the group and of the re- 
sulting signal-to-noise ratio on the parameters of the 
group and on the form of the autocorrelation function 
of the noise are also studied. 

Determination of the Depth of the Folded Basement with 
the Aid of Transmitted [xchange Waves of Type PS 
Recorded in Iarthquakes 

N. K. BuLin 
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The possibility is shown of identifying on seismo- 
grams of stations of a general type the transmitted 
exchange wave, PS, which is generated in an earth 
quake at the surface of the folded basement. Results 
are presented of the determination of depth of this 
boundary from seismograms of local and distant earth 
quakes, registered by the station ‘“Bairam-Ali.” 


Methods and Apparatus for Airborne Electrical Pros 
pecting 


L. Ya. MizyvuK 


Various methods of airborne electrical prospecting 
are discussed. In some of these an electromagnetic field 
is artificially excited by a source on the ground, in others 
by a source travelling through the air. The apparatus is 
described and the various methods are analyzed so as 
to compare the possibilities they offer for discovering 
field anomalies caused by variations in the electrical 
conductivity of rocks. An account of test results is 


given. 


Geomagnetic Charts of Czechoslovakia for the 1958.0 
Epoch 


J. BouSka, V. Buca A. 


Study of a Mixture of Radioactive Elements by Threshold 
Spectrometers 


R. M. KoGAn ANp SH. D. FRIEDMANN 


Certain Regularities in the Behavior of the Vertical Com 
ponent of Short-Period Variations (SPV) of the Steady 
Geomagnetic Field (Pc) (based on IGY data) 


O. V. Bou’sHakova, K. Yu. ZYBIN 


AND N. F. MAL’TSEVA 


This paper describes certain regularities in the be 
havior of the vertical component of the short-period 
variations (SPV) of the geomagnetic field as recorded by 
he geophysical stations of the Institute of Physics of 
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the Earth, Acad. Sci. USSR, during the first six months 
of the IGY. Discussed are the SPV field frequency spec 

trum, the daily variation of the number of SPV cases, 
the daily variation of the mean maximum amplitude 
of SPV and their behavior depending on the geograph- 
ical distribution of the recording points. The term 
“Pe activity” is introduced in order to clarify the gen 

eral amplitude regularities, and its behavior is dis- 
cussed. 

Determination of Depths and Relief of an Interface by 
Means of Single Transverse Travel-Time Curves of Re 

fracted Waves 

M. M. RapzHaBov AND L. E. AGRANOVSKY 

Selection of Average Velocities in Determining Effective 
Depths From Single Transverse Travel-Time Curves of 
Refracted Waves 

M. M. RapzHaBov 

Paleomagnetic Studies of Devonian Sedimentary Layers 
in the Northwest of the Russian Platform 

T. I. Lin’Kova 

The Direction of Rotation of an Object seen Through a 
Transforming Optical System 

P. F. SHAKUROV 

Determination of Thickness of an Ice Layer by a Radar 
Method 

M. A. GINSBURG 

Comments on Pochtarew’s Paper “The Earth's 
Magnetic Field in Relation to Other Geophysical 
Phenomena and to the Geological Structure of the Earth's 


Crust” 


Some 


P. N. KRopoTKIN 
On One Attempi to Explain World Magnetic Anomalies 


Yu. D. KALININ 


Geophysical Prospecting, Vol. 8, No. 4, Dec. 1960, Official Journal of the European Association 


of Exploration Geophysicists. 


A Shock Wave Theory for the Generation of the Seismic 
Signal Around a Spherical Shot Hole 


W. E. PEET 


The shape of the seismic signal generated by an ex 
plosive charge is assumed to be governed by shock-wave 
phenomena in a non-linear region around the shot hole. 

The dimensions of this shock-wave region are shown 
to depend on the weight of the explosive charge and the 


properties of the medium in which the shot is fired. 
The presented theory enables us to elucidate the 
power law relationship between the amplitude of the 
seismic pulse and the weight of the charge fired, in the 
literature often denoted by A =c-Q", in which A is the 
pulse amplitude, Q the charge weight and ¢ a constant. 
Experiments have been made to check the theory and 


the results are promising. 
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Direction Shooting 
R. BortFetp, H. HURTGEN, AND H. 


By direction shooting is understood a method of con- 
tinuous seismic profiling with shots distributed along 
the total length of the geophone spread, the shots being 
fired either with time delays in the field, or recorded 
singly on magnetizable material and composited with 
time-delays. Therewith, the subsurface can be probed 
in any desired direction, enhancing reflections from 
these directions and attenuating or eliminating events 
from all other directions. For each reflection, the cor- 
rect delay can be found by a simple procedure from a 
single trial record. 

A complete description of the method is given, in- 
clusive of all procedures and proofs pertaining to it. 
Synthetic examples and field examples illustrate the 
efficiency of the method and its resolving power. 


Directional Scanning When Playing-Back Seismic Mag- 
netic Records 


KARL-HEINZ SEELIS 


In this paper we describe and give examples of pro- 
cedures of magnetic playback which make it possible 
to emphasize particular reflections with respect to 
other reflections of differing step-out. The procedure 
consists of 100% mixing between non-adjacent chan- 
nels, using either direct or, more frequently, reversed- 
polarity mixing signals. This procedure allows the 
effective separation of differently inclined reflections. 


The Influence «7 Surface Formations on the Apparent 
Resistivity Values in Electrical Prospecting. Ist Part 
L. ALFANO 


In this first part, we have examined the disturbances 
on resistivity measurements caused by some simple 
examples of surface irregularities with a cylindrical 
structure. The study has been carried out applying a 
theory developed in a previous paper (Alfano 1959). 

In the first place, we have considered the case of 
measurements carried out with the potential electrodes 
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near the surface irregularities, and the current elec- 
trodes more distant from those irregularities. This case 
is related to those methods of prospecting in which it is 
preferred to keep the current electrodes fixed and to 
move the potential electrodes. 

One method has been pointed out which will sepa- 
rate, in the measured data, the component of the field 
due to deep formations, from the components due to 
surface irregularities. Afterwards, we have considered 
the case with current electrodes near the dishomogenei- 
ties and potential electrodes more distant from them. 
For both cases, numerical examples are shown, both 
for secondary charge values and for apparent resistiv- 
ity values. 

Finally, asymptotic values of 
soundings have been calculated for some cases, rigor- 
ously showing that they, in the presence of surface dis- 
turbances, are not equal, generally, to the true resistiv- 


vertical electrical 


ity of a possible infinite substratum. 

It follows that the measurement of resistivity of an 
infinite substratum, by means of the resistivity asymp- 
totic value of only one sounding, is not possible. 

The numerical results given have been obtained by 
means of calculations based on the abovesaid paper, 
but whose operative details shall be described in the 
second part of this paper. 

The second part also will deal with the cases of sur- 
face dishomogeneity with a noncylindrical structure. 


Some Formulae for Inter preting Local Gravity Anomalies 


R. A. SMITH 


Let Oxyz be a system of rectangular axes with origin 
at the earth’s surface and with the z axis pointing ver- 
tically downwards. If a body B lies wholly between the 
planes s=/, z=/ then for all x, y and for n=1, 2, 3 it is 


proved that 


| < K,d[J,(a) — Jn(8)] 


where a=//d, 8=//d and K is the gravitational con- 
stant. D, are very easily computed from the Bouger 
anomaly and J, are tabulated in this paper. 
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PRESIDENT KENNEDY has appointed FRANK PRESS 
to a four-year term on the President’s Science Advisory 
Committee. Dr. Press is Professor of Geophysics at the 
California Institute of Technology and Director of its 
Seismological Laboratory. 


Joun E. Massie has received a scholarship from the 
Society of Exploration Geophysicists Foundation, ac- 
cording to MAyNARD W. HarpinG, Chairman of Schol 
arship Administration for the Foundation. Massie is 
studying at the University of Texas in Geology and 
Geophysics. He graduated from Sanderson High School, 
Sanderson, Texas. Massie’s scholarship was made pos- 
sible by a grant from Renwar Oil Corporation of Dallas 
to the SEG Foundation. 

Awards from the Foundation are made as scholar- 
ships to outstanding students majoring in fields of in 
terest to petroleum exploration, and as grants-in-aid for 
teaching and research. The Foundation’s trust fund is 
made up of contributions from organizations and indi- 
viduals interested in the earth sciences. 

Massie, born February 24, 1942 in Gillette, Wyoming 
is the son of Clifford H. Massie. He was valedictorian 
of his high school class, a member of the National 
Honor Society, President of the Senior Class and a let- 
terman in football, basketball and track. 


J. D. Is-er resigned his position as Research Section 
Supervisor for Pan American Research Laboratory in 
Tulsa in February, to accept a supervisory research 
position with Lockheed Space and Missiles Division, 
Palo Alto, California. 


Wituis W. Harpy, assistant to the manager of ex- 
ploration for Mobil International Oil Company’s pro- 
ducing department, retired Dec. 31 after 22 years of 
service. 

Mr. Hardy played a significant role in guiding ex- 
ploration research at Mobil’s Dallas, Tex., field research 
laboratory, particularly in new geophysical techniques 
and well logging. 

He joined the company as a geophysicist in 1938, and 
formed the geophysical section. He was promoted to 
chief geophysicist in 1939. Prior to joining Mobil he was 
with Standard Oil Company (New Jersey) in Venezuela 
and Colombia, and with Humble Oil Company in Texas. 


Mr. Hardy majored in geology at the University of 
Chicago. He is a former director of Well Surveys, Inc., 
and was a member of the American Petroleum Insti- 


tute’s central committee on radio facilities. He is a 
member of the Society of Exploration Geophysicists 


and the American Geophysical Union. 


The resignation of FRep J. AGNicu and election of 
Ropert C. DUNLAP, JR. as a Vice-President of ‘Texas 
Instruments Incorporated, were announced by Presi 
dent P. E. Haggerty. 

Mr. Agnich’s resignation was prompted by his desire 
to devote more attention to his growing cattle ranching 
and investment interests but for some time he will re 
main in the employ of the company and continue as a 
member of the TI Board of Directors. 

Mr. Dunlap became operating head of the company’s 
geosciences activities and will continue to serve as 
President of Geophysical Service Inc., TI's wholly- 
owned exploration subsidiary. 

The TI careers of both men began after their gradua 
tion from college and have been devoted exclusively to 
the company’s geophysical exploration or earth sciences 
activities. 

Mr. Agnich joined GSI in 1937 as a helper-permit 
man with a field crew after receiving a degree in geology 
at the University of Minnesota. He served successively 
as party chief and supervisor in domestic and overseas 
areas and in 1951 was made Executive Vice President 
of GSI. On January 1, 1956, he became President of 
GSI and was elected a member of the Board of Directors 
and Executive Committee of Texas Instruments. 

When TI’s Geosciences & Instrumentation division 
was formed in 1959 Mr. Agnich was made its General 
Manager and a Vice-President of the parent company. 
At the same time, Mr. Dunlap was elected President of 
GSI, which was made a part of the new division. 

Mr. Agnich has been active in the American Associa- 
tion of Petroleum Geologists, Dallas Geological Society, 
Dallas Geophysical Society and other professional or- 
ganizations and has had papers published in the scien- 
tific journals of his professional interests. He is a mem- 
ber of the Executive Committee of the Dallas Council 
on World Affairs, Vice-Chairman of the Aviation Com 
mittee of the Dallas Chamber of Commerce, and a 
member of the American Management Association. He 
is Chairman of the Board of the Greenhill School in 
Dallas, a past President of the Dallas Chapter, Uni- 
versity of Minnesota Alumni Association, and has 
served on the Advisory Board of the Dallas Pilot Insti- 
tute for the Deaf. 

Mr. Dunlap is a 1934 honor graduate of Southern 
Methodist University with degrees in geology and 
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geography. Before joining GSI he spent a year of gradu 
ate study in geology at Harvard. 

First joining GSI as a computer with a field crew, he 
became a party chief in 1937 and supervisor in 1943. 
He was made a Vice-President of GSI in 1949 and Presi- 
dent in 1959. That year he was honored by SMU with 
the 
“significant and demonstrable contributions to human 


Distinguished Alumni Award in recognition of 
ity and institutional progress.” 

Mr. Dunlap has served as Secretary-Treasurer and 
President of the Society of Exploration Geophysicists 
and as President of the Dallas Geophysical Society. 
While GSI Vice President in charge of Western United 
States operations, he served as President of the Pacific 
Coast Section, Society of Exploration Geophysicists. 
He also is a member of the American Association of 
Petroleum Geologists and the Dallas Geological Society. 

Dr. Harry J. WERNER, Pan American Petroleum 
Corp., has been promoted from research group super 
visor to research section supervisor. He received his 
Ph.D. from Syracuse University. Prior to joining Pan 
American in 1956, he worked as a geological consultant 
in eastern Canada and as field geologist on the Virginia 
Geological Survey. 

Dr. Werner’s teaching experience includes posts at 
Washington University, Johns Hopkins University and 
St. Lawrence University. His new duties will involve 
the supervision of all geological research other than 
paleontology. He is a native of New York. 


Pau E. MApELry was elected President of Electro 
dynamic Instrument Corporation, a subsidiary of Reed 
Roller Bit Company. 

Mr. Madeley, former Executive Vice-President and 
Engineering Consultant of the expanding electronics 
firm, succeeds Joseph J. Houghton. 

Mr. Madeley is a co-founder of ELC and has had vast 
experience in research and development work on all 
phases of seismic exploration equipment and on elec- 
tronic and electro-mechanical instrumentation for vari- 
ous other industries. 

The newly elected president holds several patents 
covering inventions in the field of electro-mechanical 
and electronic instrumentation and has many others on 
application. He is an active member of the I.R.E. and 
the Society of Exploration Geophysicists. 

A native of Conroe, Texas, Mr. Madeley holds a 
Bachelor of Science degree from the University of 
Houston. He has previously been associated with Radio 
Station KPRC where he served as Studio Supervisor, 
and with Southwestern Industrial Electrenics where 
he worked in seismic exploration equipment design and 


research for six years. 


DarrFLL E. Smitu has been named district explora- 


PERSONAL ITEMS 


tion superintendent of Pan American Petroleum Cor- 
poration’s Midland district. 

Smith joined Pan American in 1948 as a helper on a 
seismograph party in Wyoming. He has held various 
geophysical positions throughout the company’s Rocky 
Mountain, Central and Gulf Coast divisions, and also 
served as senior staff geologist in charge of operations 
at Casper, Wyoming. Prior to his transfer, he was dis 
trict exploration superintendent at Shreveport, Louisi- 
ana. 

A native of Utah, Smith attended high school in Salt 
Lake City. He did work at Kansas 
State Teachers College and the University of New Mex 


undergraduate 


ico, and received his degree in geophysics from the 
University of Utah in 1949, where he was graduated 


with honors. 


L. C. ApAms has been appointed manager of explora- 
tion for Pan American Petroleum Corp. and will be as- 
signed to the firm’s general offices here. The appoint- 
ment is effective Jan. 1. 

Born in New York City, Mr. Adams grew up in 
Nashville, Tenn., and attended high school at the 
Montgomery Bell Academy in Nashville. He holds a 
degree in electrical engineering from the State Univer 
sity of lowa, where he graduated in 1948. 

Hired by Pan American as a junior computer in 
Houston in February, 1948, Mr. Adams later worked in 
the firm’s Gulf Coast division as a computer, assistant 
party chief and party chief on seismograph crews. 

In October, 1951, he was transferred to Pan Am’s 
Rocky Mountain division in Casper as field seismic 
supervisor. In May, 1953, he returned again to the Gulf 
Coast division, as a field seismic supervisor in the New 
Orleans district and as district geophysicist at New 
Orleans. 

Mr. Adams was appointed district exploration super 
intendent of Pan Am’s Lake Charles, La., district in 
January, 1955, and he was appointed exploration super- 
intendent for the Rocky Mountain division in June, 
1958, the position he will hold until his appointment as 


manager of exploration becomes effective on Jan. 1. 


Puit H. Garrison has been appointed division ex- 
ploration superintendent for Pan American Petroleum 
Corp.’s Rocky Mountain division, according to an an- 
nouncement by C. L. Larson, Jr., vice president and 
division manager. 

Mr. Garrison is a native of Golden, Colo., a graduate 
of Golden High School. He holds a degree in geological 
engineering with a geophysics minor from the Colorado 
School of Mines in Golden. 

Hired by Pan American in June, 1939, as a recording 
truck helper on a seismograph crew in Kansas, Mr. 
Garrison has been assigned at company locations in 
Texas, Oklahoma, Louisiana and Canada. 
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He became a surveyor, then a computer and later a 
seismograph party chief in the firm’s Texas-Louisiana 
Gulf Coast division, Houston, between the years 1940 
and 1950. Later in 1950, he was named field seismic 
supervisor in the North Texas-New Mexico division at 
Forth Worth. 

In June, 1954, Mr. Garrison was appointed division 
geophysical supervisor for Pan Am’s Central division at 
Oklahoma City, and he held this same position from 
June, 1955 to March, 1957, at the Company’s Canadian 
division at Calgary. 

In March, 1957, Mr. Garrison was appointed geo 
physical supervisor for the company and assigned to 
Tulsa. He was in charge of domestic geophysical opera- 
tions until September, 1959. 

Since September, 1959, he has been district explora 
tion superintendent for Pan American’s New Orleans 
district, and he will continue in this position until 
January 1, when he assumes new duties as Rocky Moun 
tain division exploration superintendent. 

Mr. Garrison is a member of the Society of Explora- 
tion Geophysicists and the New Orleans Geological 
Society. 


Lewis R. GRAHAM is now with British-American’s 
South-East Division in New Orleans. Mr. Graham is a 
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graduate of the University of Tennessee. He joined 
Rayflex Exploration Co. as a computer after gradua- 
tion. After six years with Rayflex he joined Tidelands 
to join British-American. 
Joun Bemrose, formerly a geophysicist for Sohio 
Petroleum Co., Oklahoma City, has joined Sinclair 
Research Labs., Inc., Tulsa, Oklahoma, as Senior Re- 


search Geophysicist. 


Lane HowE Lt, formerly with Sohio Petroleum Co., 
is now employed by Superior Oil Co., as a geophysicist in 
the Oklahoma District office. He will be doing mostly 
review work and some current interpretation. 


S. Brooks STEWart, formerly with Sohio Petroleum 
Co., is now a consultant with an office at 339 Bankers 
Mortgage Bldg., 708 Main Street, Houston 2, Texas. 
Mr. Stewart is the District Representative to SEG 
from Houston. 


G. E. “Jerry” Fritts, formerly in Supervision data 


processing, Sohio Petroleum Company, has accepted a 


position with Texaco Inc., Research Laboratories, 


Bellaire, Texas. 
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Rocky Mountain Area 
KEystone 4-0253 


2011 Glenarm Denver 5, Colorado 


CURTIS H. JOHNSON 
Geophysical Consultant 


Domestic & Foreign 
816 WEST STH STREET, LOS ANGELES 17, CALIFORNIA 
Phone: MAdison 6-0020 


KENTUCKY 


WM. DUCHSCHERER, JR. 
Consulting Petroleum Geologist-Geophysicist 
4324 Rudy Lane TW 3-2852 
Louisville 7, Ky. 


WILLIAM CROWE KELLOGG 
Geological Engineer 
Kellogg Exploration Company 
Geologists — Geophysicists 
Electrical — Magnetic — Gravity — Radioactivity 


Air-Ground Surveys _ Interpretation 
3301 NorTH MARENGO ALTADENA, CALIFORNIA 


MISSISSIPPI 


EWIN D. GABY 
Delta Exploration Company 
Jackson Mississippi 
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OKLAHOMA 


NEW YORK 


E. V. MCCOLLUM 
Geophysicist 


E. V. McCollum & Co. 
Namco, International 
$15 Thompson Building 
TULSA, OKLAHOMA 


Geo Seis, Inc. 


ROLAND F. BEERS 


ROLAND F. BEERS, INC. 


Petroleum and Minerals Exploration Consultants 
round and Airborne Surveys 


G 

Data Reduction and Analysis 

P.O. Box 1019 Troy, New York 
AShley 2-6478; 2-2351 


OKLAHOMA 


THOMAS J. BEVAN 
Geophysicist 


914 American Airlines Bldg. Phone LUther 2-7508 
TULSA 3, OKLAHOMA 


CRAIG FERRIS 
Geophysicist 

E. V. McCollum & Co. 

Namco, International 
315 Thompson Bldg. 
TULSA 3, OKLA. 


GeoSeis, Inc. 


RICHARD A. POHLY 
Gravity Surveys and Re-interpretation 


POHLY EXPLORATION COMPANY 
Riverside 2-2009 


1135 E. 38th St. 
TULSA 5, OKLAHOMA 


BEN F. RUMMERFIELD 
Geologist and Geophysicist 


6787 Timberlane Dr. 
RI 7-7082 


Tulsa, Oklahoma 


JOHN J. RUPNIK 


Petroleum Exploration Consultant 
GEOPHYSICAL & GEOLOGICAL COORDINATION 
J. J. RUPNIK AND COMPANY 


730 BEACON BLDG., Telephone LU 4-6355 
TULSA 3, OKLAHOMA 


HUGH M. THRALLS 
Consulting Geophysicist 
Glbson 7-3921 


Box 9577 
TULSA, OKLAHOMA 


TOM D. MAYES 
Mayes-Bevan Co. 


Gravity Meter Surveys 
and Interpretations 
345 Kennedy Building 


TULSA, OKLAHOMA 
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TEXAS 


TEXAS 


JOHN F. ANDERSON 
ANDERSON & COOKE 
Oil Exploration Consultants 


Geological Consulting 
Seismic Surveys & Interpretations 
665 San Jacinto Bldg. Houston 2, Texas 


PAUL FARREN 
Geophysical Consultant 
Specializing in Seismic Interpretation, 
Review, and Supervision 


1528 Bank of the Southwest 


HOUSTON 2, TEXAS FA 3-1356 


WALTER D. BAIRD 
Consulting Geophysicist 


NEIL P, ANDERSON BUILDING 
PHONE EDISON 6-8400 FORT WORTH 2, TEXAS 


L. F. FISCHER 
Petroleum Exploration Consultant 
Geologist and Geophysicist 
L. F. Fischer & Company 


3636 Richmond Ave. Houston 27, Texas 


JOHN L. BIBLE 
Gravity-Magnetic-Surveys-Interpretations 


Bible Geophysical Co., Inc. 
1045 Esperson Bldg. Houston 2, Texas 


J. F. FREEL 
RESEARCH EXPLORATIONS, INC. 


5134 Westheimer Road 


Houston, Texas 


JOHN A. GILLIN 


National Geophysical Company, Inc. 
Namco International, Inc. 


2345 West Mockingbird Lane 
Dallas, Texas 


HART BROWN 
Brown Geophysical Company 


Gravity-Meter-Surveys 
Interpretations 


3300 Brownway Rd. Houston 19, Texas 


R. A. CRAIN 


Texas Seismograph Company 


1502 Eighth St. 
WICHITA FALLS, TEXAS 


T. I. HARKINS 


Independent Exploration Company 


1973 West Gray 
P.O. Box 13237 
Houston 19, Texas 


J. G. HARRELL 


Geophysicists 


Telephone 
TE 8-0284 


2810 Primrose St. 
Fort Worth, Texas 


R. H. DANA 
Dana Explorations, Inc. 


1301 W. T. Waggoner Bldg. 
Fort Worth, Texas 


Please mention GropHysics when answering advertisers 


19 
i 
| 
| 
| 
| 


GEOPHYSICS, APRIL, 1961 


TEXAS 


TEXAS 


J. O. HOARD 


HOARD EXPLORATION 
COMPANY 


Esperson Building Houston, Texas 


C. T. MAcALLISTER 
Geophysical Consultant 
Seismic Interpretations and Field Supervision 


6327 Vanderbilt, 
Houston 5, Texas 


Telephone: 
MA 3-4181 


W. B. HOGG 


Geophysical Consultant 


619 Fidelity Union Life Bldg. 
DALLAS 1, TEXAS 


JOHN S. IVY 
Niels Esperson Building 


HOUSTON, TEXAS 


HAYDON W. McDONNOLD 
Geologist & Geophysicist 
Keystone Exploration Company 


2813 Westheimer Road 
HOUSTON, TEXAS 


A. E. “SANDY’’ McKAY 
Geologist and Geophysicist 
Continental Geophysical Company 
Namco International, Inc. 


FORT WORTH, TEXAS 
1409 Continental Life Bldg., Phone EDison 2-9231 


J. C. KARCHER 
Geophysicist 


Adolphus Tower 
DALLAS, TEXAS 


GEORGE D. MITCHELL, JR. 
Geologist and Geophysicist 


911 Mercantile Securities Bldg. Dallas, Texas 


MARTIN C. KELSEY 


Rayflex Exploration Company 


6923 Snider Plaza Dallas 5, Texas 


H. KLAUS 
Geologist and Geophysicist 
Klaus Exploration Company 


Gravimetric and Magnetic Surveys 
and Interpretations 


P.O. Box 1617 Lubbock, Texas 


PAUL H. LEDYARD 
Mid-Continent Geophysical Co. 


Contract Seismograph Crews 
Seismic-Reinterpretations 
2509 West Berry Fort Worth, Texas 


P. E. NARVARTE 
Consulting Geophysicist 
Seismic Interpretations 

Current Supervision and Review 


Frost National Bank Building 
San Antonio, Texas 


L. L. NETTLETON 


Gravity Meter Exploration Co. 
Interpretation of Gravity Surveys 
Interpretation of Aeromagnetic Surveys 


3621 W. Alabama 
HOUSTON 27, TEXAS 


W. W. (IKE) NEWTON 
Geophysicist 
823 Corrigan Tower 
DALLAS, TEXAS 
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TEXAS 


TEXAS 


J. O. PARR, JR. 
Consulting Geopbysicist 


Methods & Instrumentation 
for 
Seismic & Radiometric Surveys 


202 Janis Rae San Antonio, Tex. 


RAYMOND L. SARGENT 
Magnetometer Surveys 
Interpretations 


M & M Bidg. 
HOUSTON 2, TEXAS 


C. W. PAYNE 
Exploration Consultant 


Geology—Geophystcs 


SIDNEY SCHAFER AND COMPANY 
Geophysicists and Geologists 


EXPLORATION CONSULTANTS 
Domestic and Foreign 


812 Continental Life Bldg. Sidney Schafer 2200 Welch Avenue 
FORT WORTH TEXAS Jack C. Weyand Houston 19, Texas 
H. B. PEACOCK HUBERT L. SCHIFLETT 


Consulting Geophysicist 


9746 Audubon Place 
DALLAS 20, TEXAS 


J. C. POLLARD 
GEOPHYSICAL ENGINEERING 
e 


SEISMIC . . . GEOGRAPH .. . GRAVITY 
MAGNETIC SURVEYS 


2500 Bolsover Rd., P.O. Box 6557, Houston $, Tex. 


States Exploration Company 
Seismic, Gravity and Magnetic Surveys 


Highway 75 North 
SHERMAN, TEXAS 


5313 Richmond Read 
HOUSTON, TEXAS 


H. B. SMYRL 
Portable Seismograph, Inc. 


706 Frost National Bank Bldg. 
San Antonio 5, Texas 


ROBERT H. RAY 
GEOPHYSICAL ENGINEERING 
e 


SEISMIC . . . GEOGRAPH .. . GRAVITY 
MAGNETIC SURVEYS 
e 


2500 Bolsover Rd., P.O. Box 6557, Houston 5, Tex. 


NELSON C. STEENLAND 
Gravity Meter Exploration Company 
Geophysicist 


3621 W. Alabama Houston 27, Texas 


SAM D. ROGERS 
Rogers Geophysical Company 
Rogers Explorations, Sociedad Anonima 


3616 West Alabama Houston 6, Texas 


R. C. SWEET 
Geophysicist 


1111 Bering Dr. Houston, Texas 


C. WHITNEY SANDERS 
Consulting 
Petroleum Geologist-Geophysicist 


U. S. and European Exploration 
1132 Bank of the Southwest Building 
HOUSTON 2, TEXAS 


Seismic Reviews Field Supervision 
KIRBY J. WARREN 
Geophysical Consultant 


909 Continental Life Building 
Fort Worth, Texas ED 2-9073 
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TEXAS 


CANADA 


E. DARRELL WILLIAMS 
Geophysicist 


Specializing in Radiometric Exploration for Oil 
3114 PRESCOTT ST., HOUSTON 25, TEXAS 
PHONE 3-3991 


W. F. STACKLER 
Consulting Geophysicist 


Phone CHery 4-7303 
1937 25th Avenue S.W. 
CALGARY, ALBERTA 


JOHN H. WILSON 
Exploration Consultant 


1201 Sinclair Bldg. 
FORT WORTH, TEXAS 


CHARLES C. ZIMMERMAN 
Geologist & Geophysicist 
Keystone Exploration Company 


2813 Westheimer Road 
HOUSTON, TEXAS 


ENGLAND 


WYOMING 


WM. P. OGILVIE 
Geophysicist and Geologist 


GEOPROSCO LIMITED 


20, ALBERT EMBANKMENT LONDON S.E.11 


Exploration Geology 
Evaluations 


Seismic Reviews 
Seismic Supervision 


JOHN F. PARTRIDGE, JR. 
Consulting Geologist—Geophysicist 


P.O. Box 258 Room 211 O-S Building 
Phones 2-6485 and 2-3328 CASPER, WYOMING 


CANADA 


R. E. DAVIS 
Farney Exploration Company, Ltd. 
Geophysical Consultant 
Specializing in Seismic Interpretation 
830-8th Avenue West 
CALGARY. Alberta, Canada 


JOHN O. GALLOWAY 
Petroleum Consultant 


805 Eighth Avenue South West 


AMbherst 2-9018 CALGARY, ALBERTA 


THEODORE KOULOMZINE 
Geologist & Geophysicist 
Koulomzine & Brossard Ltd. 

P.O. Box 880, VAL D'OR Que. Canada. 

Rm 905, 80 Richmond St. W. Toronto, Ont. Can. 
Rm 1014, 132 St. James St. W. Montreal, Que. Can. 


For Information 
On inserting your card 


in the 


Professional Directory 


Write 
Business Manager 
810 Shell Bldg. 
Tulsa 19, Oklahoma 
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New aeromagnetic data offered by Aero 


Ss 
NQPENNSYLVANIA 


INDIANA 


WEST. 
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AVAILABLE AEROMAGNETIC DATA 
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Appalachian Basin: An area of approximately 129,000 square miles. Profile direction 
is NW-SE in most of Appalachian Basin area; N-S in most of New York State. Map 
scale is 1:100,000. Contour interval is 10 gamma; in areas where magnetic relief is 
very low, 5 gamma. Regional gradient is determined on basis of recognized up-to-date 
charts and removed in compilation process. 


Southeast Oklahoma: An area of approximately 18,000 square miles. Shoran-con- 
trolled survey. Contour interval: 10 gamma. Base maps computed grid shows 
land lines at 2 miles=inch. 


In addition to these areas, Aero has aeromagnetic coverage available of Texas, 
Wyoming, Colorado, Montana, North Dakota, Utah, Florida, and large areas in Western 
Canada. For complete information, please write: 


AERO SERVICE CORPORATION 


Airborne Geophysics Division | 210 E. Courtland Street, Philadelphia 20, Penna. 
World’s Oldest Flying Corporation 


Please mention GropHysics when answering advertisers 
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Wholly owned subsidiary, 
conducting foreign seis- 
mic explorations. Pres. 
J. F. Rollins 


6923 Snider Plaza 
Phone EMerson 3-1531 
Dallas 5, Texas 

Cable: RAYFLEX 
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ay The parent company, 


conducting domestic 


EXPLORATION CO. seismic explorations. 


Pres. M. C. Kelsey 


Wholly owned subsidiary, conduct- 
ing marine explorations with new 
Omni-Search system. 


EXPLORATIONS, INC. a Pres. E. F. McMullin 


MARINE, INC. 


Scientific Service Laboratories, Inc. 
Wholly owned subsidiary, designing, 
developing, producing scientific 
systems. Pres. W. B. Huckabay 


NOW 


4 companies 
forged into a 
stronger 
chain of 
service... 
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carries out 


GEOPHYSICAL INVESTIGATIONS 


FROM THE AIR 


for 


ORE PROSPECTING 
OIL EXPLORATION 


AND 
ON THE GROUND 


CIVIL ENGINEERING 


ABEM 


GEOPHYSICAL INSTRUMENTS 
for 
i e@ Airborne EM and Magnetic Surveys 


e Ground EM, Magnetic, Electric, Seismic, and 
Gravimetric Surveys 


e@ Underwater Seismic Surveys 


IN MINES AND @ Underground Magnetic Surveys 
BOREHOLES 
For further details about these geophysical services and 
instruments write to 


THE ABEM COMPANY 


DANDERYDSGATAN 11, STOCKHOLM, SWEDEN, 
or contact your nearest ABEM agent 


U.S.A. ENGLAND CANADA FRANCE SOUTH AFRICA AUSTRALIA 


Geophysical Craelius Company | Moreau Woodard S.A. Craelius, 92 | Norse Industries J. J. Masur & Co. 
Instrument and Limited, 11 Clarges | & Co., Ltd., 1880 Av. des Champs- | (Pty.), Ltd., 221 Pty. Ltd., John 
Supply Co.. 1616 Street, London, O'Connor Drive, Elysées, Paris 8e. | Cullinan Buildings, | Street, P.O. Box 48, 
Broadway, Denver 2, | Toronto 16, Simmonds Street, South Melbourne, 
Colorado. Ontario. P.O. Box 9549, S.C.5. 
Johannesburg. 
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In the Hand 
of Experience. 


4 


you'll get an accurate picture of 
oil-producing possibilities. Tidelands’ 
experienced crews and modern equip- 
ment assure positive results and high 
production. 


A Complete Geophysical Service 


9233 WESTHEIMER ROAD HOUSTON 27, TEXAS 
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ECONOMICS OF MORE EFFICIENT SHOT HOLE DRILLING —— NO. 1 


COST REDUCTION CREATES NEW BUSINESS 
NEW BUSINESS CREATES NEW WEALTH 


economics proves that 
business volume increases as unit 
costs decrease. This increased pro- 
duction potential applies to seis- 
mic exploration. Faster, more 
efficient drilling with Hawthorne 
“Blue Demon” Bits, in many 
cases, provides the equivalent in 
shot hole production of an extra 
drill . . . reducing hole cost per 
foot up to 50% .. . reducing 
profile costs proportionately. 
Using Hawthorne “Blue 
Demon” Bits, major companies 
around the world have been able, 
with the same personnel and 
equipment, to increase party out- 
put more than 100% per month. 
This increased efficiency has tre- 
mendously reduced cost per pro- 
file, and has helped to finance 
new prospects in other areas. 


} “BLUE DEMON” SAV- 
 INGS WILL SUPPORT 
FUTURE DRILLING 
PROSPECTS 


Drilling conditions will vary, but you 
can count on decreased costs per pro- 
file . . . increased party potential .. . 
in increasing crew efficiency with 
“Blue Demon” Bits. 


WRITE FOR ILLUSTRATED CATALOG 


HAWTHORNE 


INC. 2,831,657 

2,859,942 

2,890,020 

Cable Address: HAWBIT e P. ©. Box 7366 e Houston 6, Texas 2,894,726 
308 
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W&T 
Sensitive 
SURVEYING 
ALTIMETERS 


TYPE 
FA-185 


READABLE 
TO ONE 
FOOT 


TYPE 
FA-112 


DURABLE 
SELF-BALANCING 
CUSTOM CALIBRATED 


ACCURACY 0.1% LA we 
‘ FA-181 


STANDARD RANGES 

Minus 1000 to 3000 feet 
Minus 1000 to 6000 feet 
Minus 1000 to 15000 feet 
Special Ranges Available 


Write for additional information 


XY WALLACE & TIERNAN INCORPORATED 


25 MAIN STREET, BELLEVILLE 9,NEW JERSEY 
IN CANADA: WALLACE & TIERNAN LTD.,WARDEN AVE., TORONTO 13, ONT. 
A-118.42 
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——New McGraw-Hill Books — 


IGNEOUS AND METAMORPHIC 
PETROLOGY, Second Edition 


By Francis J. Turner and John 
Verhoogen, University of Cali- 
fornia. 694 pages, $12.00. 


FIELD GEOLOGY, Sixth Edition 
By Frederic H. Lahee, Consult- 
ing Geologist, Dallas, Texas. 

Ready in May, 1961. 


PHOTOGEOLOGY 
By Victor C. Miller, Miller & 
Associates, Denver, Colorado. 
Ready in September, 1961. 


INTRODUCTION TO GEOPHYSI- 
CAL PROSPECTING, Second Edi- 
tion 
By Milton B. Dobrin, Triad Oil 
Company, Ltd., Calgary, Al- 
berta, Canada. 446 pages, $9.50. 


Send for on-approval copies 


McGraw-Hill Book Co., Ine. 
330 West 42nd St. 
New York 36, N.Y. 
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Please mention GeopHysics when answering advertisers 


M-49A PORTABLE 
MAGNETOMETER 
AVAILABLE NOW AT 
$3,950 
PROVIDES FAST, ACCURATE 


MAGNETIC SURVEYS 
AT STILL LOWER COST 


World-wide acceptance of Russell 
Varian’s proton free precession princi- 
ple and wide usage of the M-49 port- 
able magnetometer have now made it 
possible for Varian Associates to price 
the improved M-49A within the budget 
of most exploration programs. 


PORTABLE The Varian M-49A,acom- 
plete proton magnetometer weighing 
only 22 pounds, furnishes direct read- 
ings in gammas every six seconds. Sen- 
sitive to better than +10 gammas, it 
requires no calibration or levelling and 
is so versatile it can make equally ac- 
curate field surveys on land, in the air, 
or over water — throughout the world. 


Immediate delivery, parts,and service 
available in many countries of the free 
world. Technical data, sales,and lease 
information from Instrument Division: 


VARIAN associates 


PALO ALTO 40,CALIFORNIA 
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ASKANIA Magnetic Instruments 


for precise determination of magnetic anomalies 


Magnetic Field Balance Gf 6. 
After Schmidt, the classic field 
instrument for relative measure- 
ments of the horizontal or ver- 
tical intensity 


Torsion Magnetometer Gfz. Out- 
standing among the magnetic 
instruments for relative meas- 
urements of the vertical inten- 
sity 

Universal Torsion Magnetometer 
UTM. For relative measurements 
of all three components of the 
earth magnetic field 


Magnetograph. The new devel- 

opment for recording also fast 

occurring variations of one com- 
.{,, ponent of the earth magnetic 
+f. field (either D-I-H-Z or T) 


ASKANIA-WERKE 
U. S. Branch Office & Service Dept. ° 4913 Cordell Ave., Bethesda, Maryland 


Please mention GEopHysics when answering advertisers 
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NO RECORDING TRUCK CAN GET BETTER RESULTS 
THAN WESTERN’S COMPLETELY TRANSISTORIZED 
PORTABLE TFA SYSTEM 


Through Western Geophysical Company’s dramatically successful TFA 
transistorized field amplifiers, Western crews on portable seismic surveys are 
obtaining results equivalent in all respects to those possible through the 
best standard, truck-mounted, vacuum tube amplifiers. 


The reason: — Every function on the truck-mounted amplifiers is also standard 
— without compromise — on the TFA. To this flexibility, TFA adds a 
signal-to-noise ratio equal to that of Western’s notably quiet FA35 truck-mounted 
amplifiers. Also, TFA is temperature-stable from —40°F to +140°F 


Western’s portable seismic system saves you money: Less manpower needed 
because there is less to carry. The amplifiers are housed in 12-channel suitcases. 
Each case weighs 42 pounds, complete with satellite-type batteries. The magnetic 
tape recorder, camera, and control panel also are completely transistorized. 
Mounted in suitcases, they weigh 55 pounds, 44 pounds and 26 pounds, respectively. 
The only external power source needed for the entire system is a small 12-volt 
battery for the motors of the magnetic tape transport and camera. 

Western logistics saves you money, too. Western crews have surveyed 
successfully in the coldest, hottest, wettest, driest, and roughest of oil prospect 
areas. They are skilled in mastering the toughest supply problems with 
minimum waste motion. 

When you need contract geophysical services for any type of prospect, 
remember: YOU ARE SURE OF MAXIMUM USABLE DATA WITH 

A WESTERN CREW ON THE JOB! 


To discuss, in confidence and without obligation, 
how Western would work for you, write or call: 


Instruments pictured above are (from left) 


camera, control panel, two TFA cases. 
Behind camera ts the Western magnetic GEOPHYSICAL COMPANY 


A DIVISION OF LITTON INOUSTRIES 


933 NORTH LA BREA AVENUE, LOS ANGELES 38, CALIFORNIA « OLOFIELD 4-1100 
AFFILIATE AND REGIONAL OFFICES THROUGHOUT THE WORLD 
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The American Association 
of Petroleum Geologists 


Comprehensive Index of the Publications of the A.A.P.G., 1917-1945. Compiled by Daisy 
Winifred Heath. 603 pp. 6.75 x 9.50 inches. Cloth $4.00 
Comprehensive Index of Publications of the A.A.P.G., 1946-1955. Compiled by Daisy 
Winifred Heath and June McFarland. 302 pp., 6.75 x 9.50 inches. Cloth 4.00 
Both Indexes at once, covering all Association publications, 1917-1955 at special price. 7.00 
Possible Future Oil Provinces of the United States and Canada. 4th printing. From 
August, 1941, Bulletin. 154 pp., 83 figs. 6 x 9 inches. Paper. 1.50 
Possible Future Petroleum Prvinces of North America. From February, 1951, Bulletin. 
360 pp., 153 figs. 6 x 9 inches. Cloth. 4.00 
Problems of Petroleum Geology. 2d printing. Originally published, 1934. 43 papers. 1,073 
pp. 200 illus. 5.75 x 85 inches. Cloth. 5.00 
Structure of a: wr American Oil Fields. Vol. I (1929). 4th printing. 510 pp., 190 illus. 
5.5 x 8.5 inches. Clot 4.50 
Structure of Typical acute Oil Fields. Vol. II (1929). 4th printing, 750 pp., 
5.5 x 85 inches. Cloth 5.50 
Structure of Typical American Oil Fields. Vol. III. McCoy Memorial Volume. 2 
516 pp., 219 illus. Cloth 4.50 
Habitat of Oil. Edited by Lewis G. Weeks. 1,392 pp., cloth bound. 56 papers on oil occur- 
rence—20 on North America; 5 on South America; 7 on Europe; 5 on Middle East; 4 on 
Far East; 9 topical papers on oil occurrence and migration, hydrocarbons, and basin 
development; and an analysis by the Editor. 
Stratigraphic Type Oil Fields (1941). 37 papers. 902 pp., 299 figs., 3 pls. Offset reprinted. 
5.5 x 8.5 inches, Cloth 
Slide Manual. A Guide to the Preparation and Use of Projection Slides. 3 colors. 28 pp., 
13 figs.; 5 tables of specifications. 7 x 10 inches. Discount on orders above 25 copies. .... 
Geological Cross Section of Paleozoic Rocks: Central Mississippi to Northern Michigan. 
Prepared under auspices of Geologic Names and Correlations Committee. 5 cross sections, 
vertical scale 500 feet to the inch. 29 pp. of explanatory text, index. 8 x 10 inches. Press- 
board, sections folded in pocket. 
Stratigraphic Cross Section of Paleozoic Rocks, West Texas to Northern Montana. Pre- 
pared under the auspices of the Committee on Stratigraphic Correlations, 6 cross sections; 
vertical scale 400 feet to the inch. 15 pp., explanatory text, index. 8 x 10 inches. Pressboard, 
sections folded in pocket. 
sng. of California (1933). By R. D. Reed. 355 pp., 58 figs., 26 tables. Structural gag 
tion of Southern California (1936). By R. D. Reed and J. S.’ Hollister. 157 pp., 57 figs., 
photographs, 9-color tectonic map. Both offset reprinted. 2d printing. 5.5 x 8&5 rer De 
Clothbound together. 
Miocene Stratigraphy of California (1938). By Robert M. Kleinpell. 450 pp., 
pls., 18 tables. Offset reprinted. 5.5 x 8.5 inches Cloth 
Lower Tertiary Biostratigraphy of the California Ranges. By V. Standish Mallory. 
Companion volume to Miocene Stratigraphy of California, by Robert M. Kleinpell. 297 
pe ng text; 7 line drawings; 42 ite of Foraminifera; 18 tables; index. 6 x 9 inches. 
lot 
Petroleum Geology of Southern Oklahoma. Vol. I. 24 articles. 402 pp., 110 figs., 6 pls., 27 
Tables. 6.75 x 9.5 inches. Cloth 
Petroleum Geology of Southern Oklahoma. Vol. II. 17 articles, 3 
6.75 x 9.5 inches. Cloth 
Western Canada Sedimentary Basin. Rutherford Memorial Volume. Edited by Leslie M. 
Clark (1954). 30 papers. 521 pp. 2d printing. Stratigraphy of Plains of Southern Alberta. 
Dowling Memorial Volume (1931). A symposium. 14 papers. 166 pp. 2d printing, by offset. 
6.75 x 9.5 inches. Clothbound together. 
Jurassic and Carboniferous of Western Canada. Allan Memorial Volume. Edited by A. J. 
Goodman. 24 papers. 514 pp. 6.75 x 9.5 inches Cloth. 
Recent Sediments, Northwest Gulf of Mexico (API Project 51). 41 papers. 400 pp., 205 figs., 
12 faunal plates. 6.75 x 9.5 inches Cloth. 

Bulletin of The American Association of Petroleum Geologists. Official monthly publication. 
Each number, approximately 150 pages of articles, maps, discussions, reviews. Annua 
subscription, ‘$18.00 (outside United States, $19.00). Descriptive price list of back num- 
bers on request. 

Available back issues 4 the Bulletin through Vol. 38 (1954) are distributed at $2.00 per issue, 
plus postage, by: Walter J. Johnson, Inc., 111 Fifth Avenue, New York 3, N.Y. Send orders 
and remittances to that address. 


(Prices, postpaid. Write for discount to ange and public libraries.) 
(For prices to A.A.P.G. ) 


THE AMERICAN ASSOCIATION OF PETROLEUM GEOLOGISTS 
BOX 979, TULSA 1, OKLAHOMA, U.S.A. 
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DATA HANDLING 
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UNSCRAMBLING seismic data is the foremost reason for 
any seismic facility. In accomplishing this,recording accuracy, 
ease of programming, playback speed, and dependability 
are paramount. It is equally important that the system be 
versatile and easily adaptable to any of the multitude 
of data handling methods in popular use throughout the indus- 
try today. Data systems by Electro-Tech lead the field. 
Write or call for details today on our portable direct recording 


unit, and our pulse width and FM systems. 


ELECTRO-TECHNICAL LABS. 
MANDREL INDUSTRIES, INC. 


5134 Glenmont Houston 36, Texas 
Cable Address: ELECTROTEX 
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Petty's research-development laboratories work constantly to 
develop and improve geophysical techniques. Conception of 

VERIFICATION such advanced techniques as Petty’s patented* horizontal 

BY HORIZONTAL stacking process is not enough. Practical implementation 

STACKING of the diverse data handling procedures is also neces- 

sary. Accuracy and speed are keynotes of the data 

processing system developed by Petty to afford economical 

applications of this technique. From idea to practical ap- 

plication, a method is no better than the thought and 

attention to detail applied to it. For information write to: 


Pef?. 


GEOPHYSICAL 
ENGINEERING Co. 
TRANSIT TOWER, SAN ANTONIO CApitol 6-1393 


*U.S. Patent No. 2,732,906 


| 

Progress Culminates Here 
: \\\ 
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A NEW METHOD OF IMPROVING THE PRESENTATION AND 
THE INTERPRETATION OF SEISMIC RECORDS 


SYNTHETIC SEISMOGRAM 
WITH MULTIPLES 


SYNTHETIC SEISMOGRAM 
WITHOUT MULTIPLES 


What geological and The synthetic seismograms make it possible to ascertain the existence 
geophysical information can be and the quality of the horizons which may be used as good markers 
obtained after synthetic 
seismograms are examined The synthetic seismogram leads to improvements of the field techniques: 


and are compared avtomatic gain control and filtering 
with the actual records ? 


The synthetic seismograms are conducive to a more complete and more 
acurate interpretation 


Using the synthetic The cost of a synthetic seismogram with multiple reflections varies with 
seismogram your past the depth logged: 20 to 25% of the cost of the logging operations proper 

and present surveys can attain 
their full value For a borehole of average depth, this cost is no higher than that of one 


kilometer of seismic profile 


YOU TOO WILL BENEFIT FROM THE USE OF THIS NEW GEOPHY- 


SICAL 


COMPAGNIE GENERALE DE GEOPHYSIQUE 


50, rue Fabert - Paris 7* - Phone: invalides 46-24 
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BETTER 
SEISMOGRAPH 
SERVICE 


TEXAS SEISMOGRAPH CO.,INC. 


1502 EIGHTH ° WICHITA FALLS, TEXAS 
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DONT MISS... 


a. 3Ist Meeting 
of the 


DENVER HILTON HOTEL, DENVER, COLORADO 
NOVEMBER 5-9, 1961 


For more details, you are invited 


tc visit COMPAGNIE GENERALE DE GEOPHYSIQUE 


BOOTH 41 
DENVER April 24 to 27 
1961 Annual Meeting A.A.P.G. 
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For top response 
ask your supplier for 


BRAND 


| BELTS OR TAPES 


Whether you use belt or tape... 
record AM or FM . .. for the best 
record of your shots it pays to 
specify “SCOTCH” BRAND Magnetic 
Products. It’s your assurance of top 
output at low frequencies, plus uni- 
formity of product. 


As pioneers in producing magnetic 
= tapes for every type of instrumenta- 
tion, “SCOTCH” BRAND experts con- 
‘fiz = tinue to lead in making magnetic 
- coatings and backings of ever-in- 

42288533595, creasing uniformity. Most leading 

seismographic suppliers rely on 

“SCOTCH” BRAND basic magnetic 

products for their own line .. . so 

for accurate results ask your sup- 
plier for “SCOTCH” BRAND. 


“SCOTCH” BRAND MAGNETIC PRODUCTS 
for geophysical recording 
© 196" 3M Co. 


“SCOTCH” is a Reg. TM of 3M Co., St. Paul 6, Minn. Export: 
99 Park Avenue, New York. Canada: London, Ontario. 
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SUPERIOR SEISMIC PRODUCTS 
... BY DU PONT 


THERE’S A DUPONT SEISMIC PAPER AND FILM FOR EVERY JOB: 


1, SEISMO-WRIT PHOTORECORDING PAPER. Fast, high-density traces, 
easy to handle — available in standard sizes and in either Type B 
(standard weight) or Type W (all-rag, extra-thin). Seismo-Writ comes in 
strong, durable metal containers. All rolls are wrapped in waterproof 
foil bags for safe storage before you use it...and for protecting your 
traces after the shot is made. We even supply you with an address 
label for easy mailing from the field. 


2. CRONAR* RECORDING FILM. Relative speed (tungsten): 30. 
3. LINO-FLEX 1. Relative speed (tungsten): 10. 


Both of these films are on Du Pont’s tried and proven CRONAR polyester 
photographic film base, which offers unexcelled strength, exceptional 
dimensional stability and flexibility, rapid drying. 

For more information on our seismic papers, films and chemicals, write: 
E. |. du Pont de Nemours & Co. (inc.), Photo Products Department, 
Wilmington 98, Delaware. In Canada: Du Pont of Canada, Ltd., Toronto. 


* Du Pont’s trademark for its polyester photographic films. 


BETTER THINGS FOR BETTER LIVING ... THROUGH CHEMISTRY 
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y based on twenty-nine years of experience 


Tomorrow’s needs for better methods of acquiring and 
interpreting seismic data... in terms of geologic 
structure . . . are being used today at SEI. 


SEISMIC EXPLORATIONS, INCORPORATED 
0: BOX. 13057 HOUSTON, TEXAS 
Midland Shreveport Denver 


FOREIGN AFFILIATE 
COMPAGNIE REYNOLDS de GEOPHYSIQUE 
18 PLACE DE LA MADELEINE, PARIS, FRANCE 
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Tape Drums 


Control 
Panel 


The Transcorder, EIC’s new 
data-transcribing device, 
transcribes seismic data onto 
any standard geophysical 
tape from paper records, 
from other sizes of mag- 
netic tape, or, using the 
Transcorder Log Reader, 
from well logs. A reproduc- 
tion of a seismic trace being 
transcribed can be produced 
simultaneously for checking 
purposes. 


Magnetic tapes produced by 
the Transcorder can be 
processed by playback sys- 
tems that permit mixing, 
selective filtering, correcting 
for moveout, weathering, 


data onto magnetic 


Cc TRANSCORDER 
j 


now your tape playback equipment 
can process data from 
paper records and well logs 


you can often get a more accurate subsurface picture, and thus 
reduce the likelihood of expensive errors, by transcribing these 
* tape for processing on a data-reduction system 


Seismic 
Record 


and elevation, and plotting 
cross sections by the con- 
ventional trace, variable- 
area, or variable-density 
methods. 


The paper record being 
transcribed onto tape is 
mounted on a large revolv- 
ing drum. The magnetic 
tape is mounted on another 
drum that is servo-driven at 
an infinitely variable rate. 
The Transcorder will ac- 
curately transcribe paper 
records recorded at speeds 
ranging from 7.5 to 15 
ips. The magnetic record- 
ings produced are accurate 
within +1% ms of the 


Write or wire EIC for detailed specifications 


Record 
Drum 


TRANSCORDER 
LOG READER 


original record at all times. 


The Transcorder operator 
guides the tracking head as 


the record-carrying drum 
revolves. (Unskilled office 
personnel can operate the 
Transcorder.) The traces 
are individually transcribed 
to magnetic tape. 

The Transcorder Log 
Reader, an accessory, per- 
mits transcribing well log- 
ging data onto magnetic tape 
in the same manner as con- 
ventional seismograms. The 
resulting tapes can be then 
converted to cross sections 
by seismic data reduction 
systems. 


ELECTRODYNAMIC INSTRUMENT CORPORATION 


Subsidiary of Reed Roller Bit Company 


1841 Old Spanish Trail « 
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*long and short term contracts 


A. E. McKAY 


Central Office 
Continental Life Bldg. 
Fort Worth, Texas 


Division Offices 


~ WEST TEXAS MID-CONTINENT ROCKY MTS. 
Midiand, Texas Oklahoma City Denver, Colorado 


C. N. Page Teber J, Lomox 


Foreign Ajjiliate: namco 
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Although it weighs only 157 
lb, the PSS-50 is a com- 
plete seismic system, consist- 
ing of two 12-channel 
seismic amplifiers, a tape- 
transport unit, a translator 
unit, and a master control 
unit. 

The system’s low cost and 
weight were gained by de- 
signing it to utilize fully the 
capabilities of magnetic tape 
and by including only need- 
ed filtering and display capa- 
bilities. The result is a truly 
portable system that per- 
forms superbly. 

The seismic amplifiers have 
a flat frequency response 
from 8 to 250 cps. Filtering 
is provided by a separate 
plug-in unit. Filtering avail- 
able includes 12 to 24 db 
per octave slopes, with 20, 
30, and 40 cps cutoff points. 


ugh 


reduce fiel 
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Cutoff frequencies can easily 
be changed by plug-in 
capacitance boards. 

A master control unit pro- 
vides uphole level control, 
leakage and continuity test- 
ing, trip indicator and man- 
ual control, trip sensitivity 
control, master suppression 
control, ave on-off control, 
and a test oscillator. Timing 
accuracy is +1 ms. 

The tape transport unit has 
a full 28-channel magnetic 
recorder, featuring standard 
EIC door - mounted record- 
ing heads. Heads can be 
interchanged without disas- 
sembling the tape transport. 
Recording heads have excel- 
lent low-frequency and 
transient response. The ac- 
curate, reliable drive system 
uses a hysteresis synchro- 
nous motor and a spur-gear 
transmission. 


Write or wire EIC for detailed specifications 


d recording costs with 
this 157-lb portable seismic system 


this complete 24-channel seismic system produces high-quality 
tape-recorded data, keeps your operating costs and 
field-equipment investment low 


The translator unit has a 
playback amplifier with ad- 
ditional ave and _ filtering 
control. Traces are displayed 
on electrosensitive paper by 
a rectilinear pen writer. 
Each data channel is played 
out sequentially and auto- 
matically. Timing is provid- 
ed by preprinted timing 
lines, with the 100 cps tim- 
ing trace from the tape 
played out as a check. Two 
paper speeds are available, 
one for a full-length record, 
the other for expanding the 
first third of the record (cov- 
ering the first-break region) 
over the full paper length. 
Accuracy from trace to 
trace is +1 ms. 

Power required for the PSS- 
50 is 12 v at 8 a during 
standby and 18 a while 
recording. 


ELECTRODYNAMIC INSTRUMENT CORPORATION 
Subsidiary of Reed Roller Bit Company 
1841 Old Spanish Trail « Houston 25, Texas 
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MARINE GEOPHYSICAL SERVICES CORP. 
2418 TANGLEY 
HOUSTON 5, TEXAS 
Phone — JA 6-4428 Cable — MARGEO 
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sentation modes 


Field Tape Playback Unit 


When you own the C-850, 
you have the most flexible 
single system available for 
sequential playback of mag- 
netic tapes. It lets you make 
maximum static corrections 
of +100 ms and dynamic 
corrections up to 400 ms (at 
a maximum rate of 500 ms 
per sec). Timing accuracy 
is +1 ms. Any geophone 
spread length or arrange- 
ment can be handled. 


During playback, time- 
corrected seismic data are 
plotted simultaneously to 
photographic cross sections. 
You can choose convention- 
al - trace, variable - area, or 
variable - density cross sec- 
tions, or any two of these 
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this versatile playback system simplifies 
your toughest data analysis problems 


using EIC’s central office seismic data reduction system, you can 
easily apply precise corrections to field-recorded tapes, use 
mixing, compositing, or stacking, select the most effective pre- 


Plotting and Re-record Assembly 


Programming Assembly 


three. Seismic data can be 
referenced to any desired 
datum plane on the cross- 
section plots. As many as 
864 traces can be recorded 
on a single cross section, 
which may be as large as 
72 x 72 in. 

Corrected data are re- 
recorded during playback 
for future evaluation. As 
many as 12 channels of re- 
recorded tape can be played 
back for mixing, composit- 
ing, or stacking to cross- 
section plots. 


The C-850 can be supplied 
with any standard-size tape 
transport. It handles up to 
50 seismic and information 
channels at tape speeds of 


Write or wire EIC for detailed specifications 


7.5, 3.75, or 3.6 ips. It can 
reproduce direct, FM, or 
PWM recordings. Re- 
recording is by FM. Cross- 
section plotting speed is 
from 7.5 to 10 ips. 


Distortion on FM is less 
than 1%, on direct magnetic 
recording, less than 2.5%. 
Frequency response is from 
5 to 500 cps. Signal-to-noise 
ratio is 52 db (rms-rms) on 
direct recording, 46 db 
(rms-rms) on FM. 


Such standard EIC design 
features as door-mounted re- 
cording heads and 400-cps 
hysteresis synchronous mo- 
tors make the C-850 reli- 
able, easy to maintain, and 
relatively inexpensive. 


ELECTRODYNAMIC INSTRUMENT CORPORATION 


Subsidiary of Reed Roller Bit Company 


1841 Old Spanish Trail «+ Houston 25, Texas 
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BERT F. DUESING, INC. 


“Selling Atlas Explosives” 
AND 


Manufacturers of Blasting Agents 


Magazines and Plant Magazines 
BIG LAKE, TEXAS HASKELL, TEXAS 


phone phone 
Big Lake 500 UNion 4-2456 


COMPANY MEMBERSHIP 


Is now available to any company or individual interested in promoting the objects of the SEG. 
MANUFACTURERS, SUPPLIERS and CONTRACTORS who do business with Geophysicists may 


now enjoy 


@ IDENTITY WITH THE PROFESSION @ SEG PUBLICATIONS AT MEMBER RATES 
@ NEWS OF THE PROFESSION 


FOR INFORMATION WRITE TO THE BUSINESS MANAGER 


SOCIETY OF EXPLORATION GEOPHYSICISTS 


810 Shell Bldg., Tulsa 19, Oklahoma 


GRAVITY and MAGNETIC SURVEYS and INTERPRETATIONS 

for direct correlation with subsurface conditions by 
preparation of Density Logs and Differential 
Residuals. 


PHONE CApitol 2-6266 


GEOPHYSICAL CO., INC. 


JOHN L. BIBLE, President 
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The PB-50/60 sequential 


playback system was engi- 
neered and built to give re- 
liable service under adverse 
field conditions. Its single- 
console con$truction makes 
it easy to move from one 
location to another, and its 
rugged, simple construction 
makes it easy to maintain. 
Despite its low cost, the PB- 
50/60 gives you great flexi- 
bility of operation and +1 
ms accuracy, 


here’s a low-cost, rugged field office 
playback system that really takes abuse 


you get simple, precision operation with minimum maintenance 
costs when you buy EIC’s durable, highly accurate field office 
seismic data reduction system. and it’s priced lowest in its field! 


PB 50/60 


Keyboard Input Unit 


Normal moveout corrections 
up to 240 ms are available 
at a maximum rate of 500 
ms per sec. Maximum 
weathering and_ elevations 
corrections of +100 ms can 
be applied. All corrections 
are inserted easily and rapid- 
ly by a keyboard input unit. 


Timing lines on cross sec- 
tions are recorded directly 
from field timing signals, 
giving you accurate trace 
plots that are in true relation 


Write or wire EIC for detailed specifications 


to each other and to record 


time. Seismic information 
can be accurately referenced 
to any desired datum plane. 
Either conventional-trace or 
variable - density cross sec- 
tions are plotted photo- 
graphically on 24 x 72-in. 
tape or film. This system can 
be supplied with any stand- 
ard-size tape transport. 


Modifications of the basic 
PB-50/60 can be supplied to 
meet specific requirements. 


ELECTRODYNAMIC INSTRUMENT CORPORATION 


Subsidiary of Reed Roller Bit Company 


1841 Old Spanish Trail « 


Houston 25, Texas 
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fidelity, timing accuracy mark this 
direct recording magnetic tape system 


this direct recording magnetic tape system updates seismic systems to provide 
high-quality tape-recorded data for analysis in seismic data reduction systems 


The DR-50 magnetic re- 
cording systems produced by 
EIC record up to 50 seismic 
and information channels. 
Record - reproduce heads 
have excellent low-frequency 
and transient response. They 
are mounted on the access 
door so that they can be 
inspected, adjusted, or re- 
placed without disturbing 
the tape transport. 


The neatly packaged plug-in 
amplifiers used as dual-pur- 


pose record and reproduce 
units provide proper play- 
back compensation down to 
5 cps. 


The DR-50 features timing 
accuracy of +1 ms, with 
trace - to - trace accuracy of 
+0.5 ms. Frequency re- 
sponse is from 10 to 500 
cps. Signal-to-noise ratio is 
52 db (rms). Total har- 
monic distortion is 2.5%. 
The DR-50 is driven by 
EIC’s reliable 400-cycle syn- 


chronous motor. 


The DR-SO is available 
either with or without a buf- 
fer unit. The buffer is used 
when the seismic amplifier 
cannot drive the recording 
heads directly or when a 
superior signal-to-noise ratio 
is needed for field playback. 
EIC engineers are experi- 
enced at integrating systems 
with existing amplifiers and 
can provide turnkey installa- 
tion of DR-50 systems. 


you get dependable field performance from 


this rugged recording oscillograph 


The RO-1 recording oscillograph photographically records up to 
28 seismic data traces on 6-in. paper or film. A 400 cps hysteresis 
synchronous motor provides uniform paper speeds from 3 to 45 ips. 
Speeds are selected by interchanging easily replaceable drive gears. 
Precise time correlation is insured by sharply defined timing lines. 
The RO-1 has 28 pencil-type galvanometers that are available in 
natural frequencies from 125 to 500 cps. Both galvanometers and 
front-surfaced mirrors can be adjusted readily in the field. Because 
the RO-1 produces very little noise in the battery circuit, a single 


| battery can power both the camera and the seismic ampli- 
fier. This simplifies battery-charging problems and makes 
the RO-1 especially suitable for truck mounting. 


EIc 


ELECTRODYNAMIC INSTRUMENT CORPORATION 
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cut uphole shooting time and costs 
with this precision interval timer 


you can obtain weathering and subweathering velocities accurately and 
efficiently with this interval timer, without using costly seismic recording systems 


EIC’s GT-1 geophysical in- 
terval timer is a precision 
digital readout instrument 
that simplifies uphole shoot- 
ing operations. It provides 
an immediate visual display 
of the time interval from 


shot detonation to the initial 
seismic wave received by an 
uphole geophone. Accuracy 
is +0.5 ms. A maximum 
time interval of 255.75 ms 
can be recorded. 


The GT-1 is completely 


now you see results of filtering, 
stacking, mixing without 
waiting for cross sections 

The MSS-100, a remarkable new multitrace electrostatic stor- 
age system developed by EIC, lets you store up to 28 seismic 


data traces for visual readout on a 17-inch, TV-type, video 
monitor. This advance in the art of handling seismic data can 


help you cut the cost of analyzing geophysical data. 


The MSS-100 stores data from tape-recorded seismic traces in 
a special storage tube and displays them continuously on the 
monitoring tube. Traces can be displayed for as long as 20 
minutes without appreciable deterioration. They can be erased 
instantly to permit storing new data. 

Vertical timing lines can be displayed on the video 
monitor at 1/100-second intervals, with 1/10-second 
lines accentuated. Either the 1/100- or 1/10-second 
lines can be omitted if desired. 


1841 OLD SPANISH TRAIL e 


Please mention GropHysics when answering advertisers 


HOUSTON 


transistorized. It is powered 
by self - contained dry - cell 
batteries. The unit’s total 
weight, including batteries, 
is only 17 lb. Its alumi- 
num carrying case is 16 x 9 
x 7% in. 


MSS-100 


25, TEXAS 
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e Model 200-T shot-hole dril is 
or mounted to permit year-round — 
operations in many areas formerly 
naccessible ic truck-mounted equip- 
ment. Shooting unit or water tank 
are also available tractor mounted. — 


Unmatched for economy mead: of operation 
in its field, the Mayhew Model 1000 is your answer 
for an all purpose drill for depths to 1000 feet. The 
Mode! 1000 features over a quarter-century of 
research engineering, and is famous the world 


over as the accepted Standard of the Industry 


€ Model 1000 to ‘the 
200, feature exclusive Mayhew Powerflo pulldown, choice of 
air or mud drilling, double drum drawworks and central con- 
for quality and versatility in the field today. Mayhew rigs, trol grouping for ease of operation. 


MAYHEW SUPPLY CO., INC. 


4700 SCYENE ROAD © DALLAS, TEXAS 


From Algeria’s sandy wastes to the frozen wi of Alberta, 
Mayhew supplies the exploration industry with rigs unmatched 


HOME OFFICE 


SALES AND SERVICE CASPER, WYOMING @ TULSA, OKLAHOMA ® SIDNEY, MON- 
TANA ® ODESSA, TEXAS ® GRAND JUNCTION, COLORADO 
» JACKSON, MISS. © HOUSTON, TEXAS 


SEISMIC SERVICE SUPPLY, LTD., CALGARY AND EDMONTON, 


TEXAS R ALBERTA 
GARDNER-DENVER INTERNATIONAL DIV. NEW YORK, N. Y. 


A DIVISION OF GARDNER-DENVER 


4 
2 
=. | Mayhew Geophysical Rigs are Right for EVERY Applicatic 
-Alide in EVERY ve Area. 
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One camera...five displays! 


From SIE comes the first means of obtaining five displays from only one oscillograph... 
and with but one galvo block! m Choose variable-density, variable-area, conventional 
wiggle, variable-density-and-wiggle or variable-area-and-wiggle superimposed. Simple 
lens-box change converts from variable-density to variable-area. m Timing lines may 
be generated internally from either flasher tubes or standard timing motor. Consistency 
of paper drive is assured by a synchronous motor with built-in 400 cps power supply. 


Answer all your oscillograph recording needs with one instrument 
he TR O-6G Phone or write for the COMPLETE brochure. 


DRESSER ELECTRONICS DIVISION 


[ony | nicht 10201 Westheimer Houston 42, Texas P. QO. Box 22187 ° SUnset 2-2000 
CABLE: SIECO HOUSTON TWX: HO-1185 


Call: SUnset 2-2083 


Houston. Texas MEXICO CANADA EUROPE 
SIE Mexico Southwestern Industrial Electronics (Canada) Limited S 1 E Division of Dresser AG 
La Fragua No. 13 5513 Third Street S. E., Calgary, Alberta, Canada Muhlebachstrasse 43, Zurich, Switzerland 
Desp. 201 Mexico 1, D.F Phone: Alpine 5-6601 Telephone: 32 84 87/89 + Telex: 526 83 
Phone: 35 2407 Cables: Dresserzur Zurich 
46 45 20 
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SIE’S PMR-20 


Portable FM Magnetic Recording System 


e Low Distorti 


Over sixty systems 
presently in use 
supplying full spectrum 
High Fidelity FM Magnetic Recordings 
for today AND TOMORROW! 


There is no reason why you should not now record CONDENSED SPECIFICATIONS 

the FULL spectrum of energy in each shot for 

processing by today’s techniques or by whatever Channels: 24 geophysical 

better method may be evolved in the future. The oa ee 

SIE PMR-20 “RecorData” FM system gives you Frequency response: 1 cps to 300 cps within 1 db; 3 db down 

such data for refraction, conventional and high- 

frequency operation . . . and does it all with a 
low-power drain and miniaturized construction. cancelling. 

The complete 24-channel transistorized system is rioting averages 6-10 db higher 


housed in two compact, lightweight units. It pro- Harmonic distortion: Less than 1% 
Crossfeed: Below noise level of recording system 
vides high-fidelity frequency-modulated recordings Relative timing accuracy: + 0.25ms 


on standard SIE tapes from the output of stand- Power requirement: Standby Operating 
= aoe Record 2 amp 7 amp 
ard .geophysical amplifiers. System performance Playback 1.5 amp 6.5 amp 
12 volts D.C 
is not dependent on tape quality. Look at the Dimensions: MR-20 Recorder—8%”"W x x 15°D 
brief technical description on the right ... then MU-20 Master Unit—8%4”W x 2442”H x 10%"D 
Weight: MR-20 Recorder—60 Ibs. 
write or call for complete information. MU.20 Master Unit_—45 Ibs 


DRESSER ELECTRONICS DIVISION 


10201 Westheimer ° Houston 42, Texas * P. 0. Box 22187 ° SUnset 2-2000 
CABLE: SIECO HOUSTON TWX: HO-1185 
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SIE’S DISTORTION-FREE 


PT-100 Transistorized Seismic 


Transistorized 
Of 


Amplifier 


SIGNAL CONTROL 


With unique light-sensitive photocells as losser ele- 
ments, the PT-100 eliminates the usual amplifier 
AGC problems. The critical “diode-balancing” com- 
mon to other types of AGC circuits is never required. 
There is no direct electrical coupling between AGC 
and signal paths to cause distortion and oscillation. 
Signal voltages do not cause distortion when ap- 
plied across losser elements as with diode bridge 
circuits. Drift and temperature instabilities are 
eliminated. There is a useful operating range of 
from one microvolt to one volt input — 1,000,000 to 
1! Total harmonic distortion under all normal field 
operating conditions does not exceed 0.5% includ- 
ing heavy reflection standout. External 4 kc signals 
may be used for programmed-gain operation during 
amplitude studies. AGC performance down to 5 cps 
allows use of the PT-100 in refraction work with 
AGC control. 


FREQUENCY RESPONSE 

The broad band response extends from 3 to 500 
cps. Ten logarithmically-spaced cut-off frequencies 
are provided — from 16 to 135 cps for the low-cut 
and 23 to 235 cps for the high-cut filter positions. 
One or two sections (18 or 36 db/octave) may be 
used. 

NOISE 

Noise is less than 0.3 microvolt for “filter-out” 
bandpass and drops to 0.1 microvolt for normal 
filter settings — as good or better than most vacuum 
tube amplifiers. 

OPERATION 

Operator-oriented master controls provide separate 
record and playback adjustments for both “early” 
and “final” gain. Complete built-in amplifier test 
units make testing and control adjustments rapid 
and easy. 


The PT-100 will provide you a new dimension in 
recording from refraction through normal reflection up to high 
frequency use. Phone or write for the COMPLETE brochure. 


DRESSER ELECTRONICS [SIE] DIVISION 


SUnset 2-2000 


10201 Westheimer ° 


Houston 42, Texas ° 
CABLE: SIECO HOUSTON 


P. 0. Box 22187 ° 
TWX: HO-1185 


Every Shot Counts! 


Don't try to save pennies on doubtful recording supplies 


With the cost of each shot climbing every year, you can’t afford to take chances — 
especially when the most you have to gain is pennies! SIE guarantees quality .. . 
quality controlled by a team that has been building a reputation for over 15 years. And 
it is this reputation that is the vital difference to you. 

SIE can’t afford to take chances either. We cannot let a record lost because of 
doubtful supplies reflect in any way on our instruments. Nor can we maintain our 
reputation unless you can count on us— EVERY time. 

Since 1951 we have supplied more seismic instrumentation than all our competitors 
combined. Only SIE, as the world’s largest supplier of both instruments and supplies, 
can be truly qualified to know exactly what is best for your use. Because we have 
earned this qualification . . . because we are constantly surveying your field needs... 
because we can work with all manufacturers and suppliers of recording materials — 
because IT’S OUR JOB — you can be sure that the [SIE] on the package guarantees 
the contents to be the BEST, carefully selected for your needs regardless of the product 
brand inside. 


Call SIE...and MAKE EVERY SHOT COUNT 


DRESSER ELECTRONICS [sie] DIVISION 


10201 Westheimer . Houston 42, Texas . P. 0. Box 22187 . SUnset 2-2000 
CABLE: SIECO HOUSTON TWX: HO-1185 
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MADE BY 
SCHLUMBERGER 


ETER 
CONTINUOUS DIPM 
ELECTRODE SUPPORT 


BY 
SCHLUMBERG 


SCHLUMBERGER 


SCHLUMBERGER 


This singular stamp assures you 

of the best in logging services. 

There are other Induction Logs, 
Micrologs, and Dipmeters, but none have 
Schlumberger know-how, experience, and 
precision engineering built into them. 
Don’t be satisfied with 

another log when one “made 

by Schlumberger’ is always available. 
There is no other log 

“just like” a Schlumberger. 


THE EYES OF THE OIL INDUSTRY 


CARTES 
SCHLUMBERGER — “4 
_ MICROLOG SONDE e 
TESTER 


GEOPHYSICS, APRIL, 1961 


A Primer About 


Reservoir Engineering 
for the 


Geophysicist 
Geologist 
Manager 

Supervisor 


A book that translates the complex sci- 
ence of reservoir engineering into simple, 
straight-forward language easily under- | 


Elements of 
Petroleum Reservoirs 


Norman J. Clark 


stood by the non-reservoir engineer—no mathematics, no formulas. 


SUBJECTS OF THE 15 CHAPTERS 


Petroleum’s Origin Development and 


Rock Characteristics Operations 
Oil and Gas Oil Production Rates 


Characteristics Oil Lease Operations 
Fluid Distribution Gas Producing 


Natural Oil Drives Characteristics 
Oil Producing Gas Reservoirs 


Characteristics Miscible Drive 
Natural Oil Displacement Combustion Drive 


Reservoir Exploitation 


ORDER FORM 


Price: $7.00. Bound in AIME red cover, 6 x 9 inches. 


260 pages 

174 illustrations 

Six by nine inches 
Published April, 1960 


Written by Norman J. Clark, 
petroleum consultant 


Combustion Drive—a_ special 
chapter by P. D. White and 
Jon T. Moss 


Published by Society of 
Petroleum Engineers of AIME 


Sponsored by Henry L. Doherty 
Memorial Fund 


Send order to: 


Society of Petroleum 
Engineers, 


6300 North Central 
Expressway, 


Dallas 6, Texas 
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GEOPHYSICS ALL OVER THE WORLD 


a 


PRAKLA 


HANNOVER. HAARSTRASSE PHONE: 86661 - TELEX: 0922847 CABLE: PRAKLA 
GERMANY 


Please mention GropHysics when answering advertisers 


if 

: 


GEOPHYSICS, APRIL, 1961 


you can relieve reviewing 
geophysicists from this expensive, 
time-consuming 

waste motion 


COPY 


the ideal method of reproducing seismic records for review and 


exchange work Seismo Copy is an exclusive, new method of reproducing 
seismic records directly from field documents without advanced assembly 
from you. Individual documents are photographed in their entirety on 16 mil- 
limeter film. Records are individually exposed into a negative phase and indi- 
vidually exposed back into a positive phase. The results are a continuous record 
section, properly tied together without splicing. Seismo Copy is a high fidelity 
reproduction process that positively captures all the quality of your field 


documents. 
Through centralized processing The Industrial Photographers Company 


is able to offer this fast, efficient reproduction service at an exceptionally 
low cost. All seismic work is under the direction of an experienced geophysi- 
cist; and is, of course, held in the strictest confidence. 

For immediate service or for descriptive details of Industrial Photog- 


raphers’ complete reproduction and microfilm services write or call: 


industrial 


photographers company 


Reproduction Specialists | M & M BUILDING, HOUSTON 2, TEXAS 
for the oil industry Telephone: CApitol 2-1973 


Please mention GeopHysics when answering advertisers 
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WE'RE SAVING MONEY 


you 
Sp 


HUNTING GEOPHYSICAL SERVICES 
announces the purchase of the Varian 
proton-free precession airborne magne- 
tometer No. V-4912. Needless to say, 
our costs are being cut considerably by 
the elimination of monthly rental and 
royalty payments on this instrument, and 
this saving will be passed on to our 
clients. 


We will be pleased to submit quotations 
upon request and supply details regard- 
ing theory and operation of this instru- 


ment. 


Nol" 


Gini 


HUNTING GEOPHYSICAL SERVICES, INC. 


(Contractors and Consultants) 
10 Rockefeller Plaza, New York 20, N.Y. 


w A Member of the World-wide Hunting Group. 


Please mention GeopHysics when answering advertisers 
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(Continued from page 10) 


ROTARY DRILL RIG 


A new, one-man, self-propelled, self- 
contained, hydraulically operated, highly 
versatile Model H.D. 250-S H/-VACuum 
rotary drilling rig has been built by the 
HOUSTON TOOL COMPANY of Santa 
Susana, California. It operates on a 30 
H.P., 4-cylinder, air-cooled engine with 
four speeds forward and one reverse. 
Hydraulically steered, it is very maneuver- 
able and the driving controls are imme- 
diately adjacent to the drilling controls 
with a swing-away seat for the driver- 
operator that affords excellent driving and 
drilling vision. The rig has a tongue and 
hitch and the hydraulic system is made 
inoperative (neutralized) by a single simple 


valve for easy highway towing. In addition 
to 4-wheel hydraulic brakes, there is a 
hand-operated, mechanical parking brake. 

Carrying all of its own equipment and 
tools—plus 250 feet of drill pipe—this unit 
is completely self-sustaining. This Model 
H.D. 250-S is one of the larger develop- 
ments of the Houston HI-VACuum Drill- 
ing Systems which has established a world- 
wide reputation for dependable, 100% 
true sampling by vacuum drilling (The 
Mighty Midget). Twin, clear plastic tubes 
provide a continuous examination of the 
stratum being drilled and make grab sam- 
ples easy without interrupting drilling. By 
use of a plastic bag interliner, inch-by-inch 
samples may be taken and retained for 
analysis, shipment and storage. 

In addition to vacuum drilling (which 
requires no water in dry formations, takes 
a 100° continuous sample, and cannot 
lose circulation even in broken and _fis- 
sured formations) the Model H.D. 250-S 
drills with forced air; with forced water; 
with reverse water; vacuum with water; 
drive core sampling; augering; diamond 
core drilling with vacuum, with forced 
water; bucket drilling; and can also drive 
casing while drilling. 

This most versatile drill is rated 234 
inch to 3 inch diameter hole to 250 feet. 
It drills at any angle and in all forma- 
tions. The HI-VACuum system of cuttings 
recovery and reliable sampling has been 
the decisive factor in developing many im- 
portant properties. For further informa- 
tion wire, write or phone Houston Tool 
Company, P.O. Box 251, Santa Susana, 
California. 


GEOPHYSICS Bound Volumes 


Volume 16 
Volume 


(1951) 
(1952) 


Volume (1953) 


ORDER: SEG Headquarters 
810 Shell Building 
Tulsa 19, Oklahoma 


$14.00 ea. 


($10.00 to SEG members) 


Foreign Postage $.50 


Please mention GropHysics when answering advertisers 


af 
60 
\ 
\ 
{ 
4 
ich 
f 


GEOPHYSICS, APRIL, 1961 61 


MAGACYCLER 


The new HP line of HIGH POWER 
OUTPUT MAGACYCLERS-~ultra pre- 
cision frequency and pulse rate to voltage 
converters is now available from Pioneer 
Magnetics Incorporated, 850 Pico Blvd., 
Santa Monica, California. The HIGH 
POWER MAGACYCLER produces an 
output voltage or current that is directly 
proportional to the input frequency or 


ulse rate. The HP line is unique in that 
f the first time a static converter is avail- 
able with both high power output and 
high accuracy. Low internal impedance 
allows the accuracy to be maintained even 
with widely varying loads. 

Standard units cover the audio ranges 
from 5 cps to 12 KC (100 KC upon re- 
quest). Built-in attenuators allow a 4/1 
adjustment of the full scale frequency. 

Excellent accuracy and _ stability are 
guaranteed. Standard models offer +14% 
of full scale accuracies with less than 100 
ppm/°C temperature sensitivity. “RED 
LINE” units give linearities and accuracies 
of +0.1% with temperature sensitivities of 
50 ppm/°C. Normal operation covers the 
extended temperature range of —60°C to 
+71°C. 

Standard full scale outputs range to 10 
volts with load variations of 1000 ohms to 
1 megohms. Substantially higher power 
outputs and higher voltages are also avail- 
able. 

HIGH POWER MAGACYCLERS with 
built-in transistor amplifiers will operate 
dependably at input signal power levels of 
0.1 microwatt. 

Models are assembled in a drawn steel 
can measuring 2-5/16” 2-1/16” 3-1/8”. 
The HIGH POWER MAGACYCLER is 
designed for severe shock, vibration, and 
military and missile requirements, 


DON'T MISS... 


the Ste 
Meeting 


of the 


DENVER HILTON HOTEL 
DENVER, COLORADO 


NOVEMBER 5-9, 1961 


GEOPHYSICIST 


A man with at least five to ten years experience is 
required for work in Southern Africa. He must be a 
graduate of honours status or better, and conversant 
with all the usual geophysical techniques and field 
practice as applied to mineral prospecting. He will in- 
itially be based in Johannesburg but may be required 
to transfer elsewhere and to travel extensively. 


This is a senior post and its duties will involve 
the planning, organization and supervision of field work 
and interpretation of results. The appointment will be 
on a contract basis for a period to be mutually agreed 
and may be convertible to a permanency. Membership 
of pension and medical aid schemes compulsory. Fares 
both ways payable if three years service completed. 
Salary in accordance with qualifications and experience. 


Applications should be sent to: The Personnel 
Officer (Head Office), Anglo American Corporation of 
South Africa, Limited, Box 4587, Johannesburg, South 
Africa. 


Please mention GeopHysics when answering advertisers 
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all types of 
AERTAL SURVEYS, 
PHOTOGRAMMETRIC ENGINEERING 
AND AIRBORNE GEOPHYSICAL 
EXPLORATION 


HOME OFFICE: 

224 E. Eleventh Street, Los Angeles 15, California 

Phone: RIchmond 9-3007 Cable: FAIRMAP 
DISTRICT OFFICES: 

10 Rockefeller Plaza, New York 20, New York 

Phone: PLaza 7-2775 

1625 Eye Street, N.W., Washington, D.C. 

Phone: NAtional 8-7770 

255 Atlantic Ave., Boston 10, Massachusetts 

Phone: LlIberty 2-2940 

5043 Stillbrook Drive, Houston 35, Texas 

Phone: PArkview 9-9135 
Also representatives in: Buenos Aires, Argentina; Beirut, Lebanon; 
Bruxelles, Belgium; La Paz, Bolivia; Rio de Janeiro, Brazil; Santiago, 
Chile; Bogota, Columbia; Maidenhead, England; Paris, France; 
Guatemala City, Guatemala; Baghdad, Iraq; Lima, Peru; Istanbul, 
Turkey; Caracas, Venezuela. 


A WORLD OF EXPERIENCE 
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FOR WORLDWIDE GRAVITY AND MAGNETIC SERVICES 


rely on Robert H. Ray Companies. Each contract is backed by 
experience gained from more than twenty years of foreign and 
domestic operations—research and development in instrumentation 
and interpretation. Lower cost per station and fast, accurate service 
from skilled crews are standard benefits you get from the Robert 
H. Ray Companies. Seismic Services, including Geograph, are 
also available anywhere in the world. Let us explain how each 
of these techniques will fit into your Geophysical program. 


For Geograph in Europe and the French Zone contact GEOGRAFRANCE, 48 Blvd. de Latour-Maubourg, Paris 7e. 


ROBERT H. RAY GEOPHYSICAL COMPANIES Y 


Please mention GropHysics when answering advertisers 
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For quick-look appraisal of taped data, 
use Kodak’s direct-writing paper 


It responds well 
to this preservation 
treatment 


The new direct-writing types of oscillographs are great allies 
of magnetic tape. They make the data not only visible but instantly 
visible. They give you the assurance you need that all is captured and 
it is safe to move on. 

If your direct-writing oscillograph happens to be loaded with 
Kodak Linagraph Direct Print Paper, you have another assurance. 
This paper responds to a simple preservation treatment with Kodak 
Linagraph Permanizing Developer. Then you are sure that your visible 
record will stay visible, eminently visible—even if you put the original 
record through the bright light of a diazo or photocopying machine. 

We shall give you specific instructions if you will drop us a note 
on how you handle your records and what you want to be able to do 
with them. Write 


EASTMAN KODAK COMPANY 


Photorecording Methods Division 
Rochester 4, N. Y. 
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to fill your required job 


SHOTHOLE PLUGS 
SURE GRIP TAMPS 
DYNA-POINTS 
DYNA PUNCHES & KNIVES 


Write for our illustrated catalogue-price list. 


NRO 
“EXPLORATION PRODUCTS COMPANY 


<o7 500 W. Main St. P. O. Box 445 


Palestine, Texas 


YEARBOOK? 


SEG 
810 Shell Building 
Tulsa 19, Oklahoma 


$3.00 ($2.50—Member of SEG) Plus .20 Foreign Postage 


Order: 


FOR GEOPHYSICAL WORK 
Boat Rentals 


State Corporation HOUSTON, TEXAS 


P. 0. Box 543, Telephone MAdison 3-0340 
“SERVING THE GULF, CARIBBEAN AND ATLANTIC” 


Please mention GropHysics when answering advertisers 
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Wherever the oil industry goes, so goes Griffin — with the 
most complete line of mobile equipment and supplies. 


TANK AND WELDING SERVICE 


3031 ELM STREET @ PHONE Riverside 1-6811 ¢ DALLAS 1, TEXAS 
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but you can’t make 
a geophysicist 
out of a monkey! 


It doesn’t take a monkey to tell you that you get only what you pay for — 
in the geophysics field as in others. 

One of our camp followers, Fidel by name, puts on a pretty good act 
among the record sections, slide rules, and delicate electronic equipment and 
looks sort of professional behind a desk. 

Fidel might be taught to perform some fundamental chores with only an 
occasional banana break, but if any oilfields were discovered through his antics, 
they would be strictly accidental — and you can't afford to gamble on accidents. 

The moral is this: Leave your geophysics to the proved professionals. 

Rogers’ crews, for example, go everywhere, have been practically 
everywhere. This kind of experience means you get the most for your money. 
And really, you cannot get a better price than that. 


SOGERS 
3616 WEST ALABAMA ¢ HOUSTON, TEXAS 


Caracas, Venezuela 

Mogadiscio e Somalia 

34 Ave. des Champs Elysees e Paris, France 

1-3 Arlington St., St. James's « London 1, England 
Madrid, Spain 

Tripoli, Libya e Algiers « Tunis, Tunisia 


ROGER S' CREWS G EVERY WHERE 
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THE CYANAMID 
SEISMOGRAPH LINE*: 


Dynamites 
Hi-Speed 
Geogel® 
Ajax® 


Blasting Agents 
Cyamon® OS 
Cyamon® S 

Cyamon® § Primer 


40% Pattern Powder 


DISTRIBUTOR SALES 
OFFICES AND MAGAZINES: 


Dixie Dynamite Distributors, Inc. 
Jackson, Mississippi 
Lafayette, Louisiana 

Hattiesburg, Mississippi 
Houma, Louisiana 


Southwestern Pipe, Inc. 
Alice, Texas 
Brookhaven, Mississippi 
Houma, Louisiana 
Lafayette, Louisiana 
Lake Charles, Louisiana 
Shreveport, Louisiana 


Beeville H. & T. Sales Company 
Beeville, Texas 


Southwestern Explosives 
and Supply, Inc. 
Midland, Texas 


Deupree Distributing Company 
Oklahoma City, Oklahoma 
Tulsa, Oklahoma 
Albuquerque, New Mexico 
Milne Explosives Company 
Great Bend, Kansas 


Ashton Supply Company 
Vernal, Utah 


Carbon Transfer & Supply Co. 
Helper, Utah 


W. H. Burt Explosives Company 
Aztec, New Mexico 
Farmington, New Mexico 
Moab, Utah 


Wycoff Company, Inc. 
Salt Lake City, Utah 


Archie L. Bowman 
Denver (Littleton), Colorado 


Ted Andrus Explosives Co. 
Billings, Montana 
Sidney, Montana 
Casper, Wyoming 

Rock Springs, Wyoming 


Fowler Engineering & Sales Co. 
Ashland, Oregon 
Burns, Oregon 
Eugene, Oregon 
John Day, Oregon 
Medford, Oregon 


AMERICAN 


CYANAMID 

\ 
(Exptosives) for safe, dependable 

| » seismic exploration! 


Prospecting on land? 


This nitro-carbo-nitrate blasting agent for land pros- 
pecting is the newest addition to Cyanamid’s line. 


It is packaged in 2” x 1 Ib. and 2%” x 1 Ib. blue metal 
containers. Threaded end connections provide fast, easy 
coupling to form desired column loads. Cyamon S§ re- 
quires a Cyamon® § Primer for detonation. Red Primer 
cans are identical to Cyamon S blasting agent cans 
except for a recessed well for cap insertion. 


Cyanamid offers the industry a complete line of seismo- 
graph explosives and blasting agents. All are stocked 
for prompt delivery by leading distributors, 


For complete information and recommended uses, con- 
tact our Sales Department or the distributor nearest you. 


AMERICAN CYANAMID COMPANY 


EXPLOSIVES AND MINING CHEMICALS DEPARTMENT 
30 ROCKEFELLER PLAZA, NEW YORK 20. N.Y. 
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umentat, 


ee ~ REPUTATION: Leadership in geophysica/ ins 


REASON: Genera/ Geophysical develops and produces 
its own custom-built instruments 
The ruggedness and reliability of the instruments and equipment used in General 
Geophysical’s work mean better, faster service with less chance of error or of 
costly delay. Example—the General-built GEOPAC system that is famed for 
geophysical plotting and computing. Now, as shown above, General crews have 
portable GEOPAC units which provide fully corrected seismic records in the field. 
General's extensive laboratory facilities offer you an important flexibility— 
equipment and instruments’ can be quickly custom designed and manufactured 
to fit the special needs of a job, to fit a special area and to fit your special 
requirements. 


Find out for yourself the reasons behind General's reputation for leadership 
in geophysical instrumentation. Call General today . . . 


GEOPHYSICAL COMPANY Edmonton, Alberta 
Houston Club Building e Houston, Texas Nassau, Bahamas 
Tripoli, Libya 


When your contract is with General, the percentage for successful exploration is in your favor! 


Please mention GropHysics when answering advertisers 
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HALL -SHARS 


ALWAYS 
HEAD 


IN 
GEOPHONES 


HS-1, known wherever geo- 
phones are used for its unexcelled 
performance and reliability, is the 
only miniature unit available in 
frequencies as low as 4.5 cycles 
for refraction applications. Not a 
“competition’’ geophone, HS-1 
quality has never been sacrificed 
for price. Its many superior 
features are recognized by the 
industry and confirmed by both 
unbiased laboratory tests and 
actual field usage. 
HS-J is the sub-miniature geo- 
phone which has made possible 
new techniques for faster, lower 
cost field operations without sacri- 
fice of performance. Low initial cost—light, economical cabling—substantial reduction 
in crew man-hours—rugged, long life construction—liberal guarantee make the HS-J 
an ever-increasing factor in today’s exploration programs. Now available in standard 
metal case or the revolutionary new spherical plastic case. 
Write for full information on these and the other units in Hall-Sears’ complete line 
of geophones for use in every phase of land and marine exploration. 
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Plot 
: ‘Dip Segments 


up to 


1000 FASTER 
with SEISCOR’S 
Sinclair 
Dip Plotter 


Now, you can plot migrated dip seg- 
ments 800 to 1000 per cent faster, 
and with equal or superior accuracy 
to manual plotting methods. The easy- 
to-use Sinclair Dip Plotter will —— 
a wide variety of sizes and ty 
SING UNIT basic information, and yet will fit eas- 
ITIONED ily into your office. 
R VARIABLE The instrument set has three parts, 
NSITY the sensing unit, the plotting unit 
10SS-SECTION and the control unit. Conventional 


seismograph records, variable area 
cross-sections or variable density cross- 
sections are placed under the sensing 
unit. This unit converts mechanical 
measurements into electrical signals, 
under direction of the operator .. . 
These electrical signals are fed to the 
plotting unit, which is automatically 
positioned on a cross-section, with cor- 
rections included. The operator then 
marks the plotted dip segments directly 
on the cross- “section. A variety of cross- 
section scales is available, providing 
both horizontal and vertical scales are 
identical 

The Sinclair Dip Plotter is manufac- 
tured by Seiscor under license from 
the Sinclair Oil Company. 

If are interested in better, faster 
and more economical results, write 
Seiscor for price and specifications 
sheet. 


<SEISCOR> preducts section 


A DIVISION OF SEISMOGRAPH SERVICE CORPORATION P. 0. BOX 1590 TULSA, OKLAHOMA 
NAtional 7-3330 
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GEOLOGISTS... 
GEOPHYSICISTS 


You are invited to write for GSI’s 
new Facilities and Services Brochure 


this 


brochure 


briefly describes GSI's facilities for: 


¢ Offshore Surveys 


Single Ship 


¢ Refraction Surveys 


© Gravity-Magnetics 


Seismic Underwater Explorer 


e Data Processing Underwater Gravity 


¢ Theoretical and Applied Research 


Geopnysicat Service Inc. 
A TEXAS INSTRUMENTS COMPANY 
EXCHANGE BANK BLOG DALLAS 385. TEXAS 
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